
Geological Fieldwork 2020
A Summary of Field Activities and Current Research

 Paper 2021-01



Geological Fieldwork 2020
A Summary of Field Activities and Current Research

Ministry of Energy, Mines and Low Carbon Innovation
British Columbia Geological Survey

Paper 2021-01



Ministry of Energy, Mines and Low Carbon Innovation
Mines, Competitiveness, and Authorizations Division
British Columbia Geological Survey
Recommended citation format for individual papers:

Schiarizza, P., and Friedman, R.M., 2021. U-Pb zircon date for Eocene volcanic rocks on Mount Timothy, south-central British 
Columbia. In: Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British 
Columbia Geological Survey Paper 2021-01, pp. 15-21.

Front Cover:
Flat-lying volcanic fl ows of the Sloko Group (Eocene; ca. 54 Ma). Intermediate at base, felsic in middle, mafi c at top. At right, 
upper fl ows are columnar, indicating subaerial volcanism. View to the northeast from the Llewellyn glacier, near Atlin Lake. See 
Van Wagoner, N., Ootes, L., and Thomson-Gladish, J., 2021. Volcanism and geochemistry of the Kamloops Group, south-central 
British Columbia, this volume. Photo by L. Ootes.

Back Cover:
Pervasively foliated and sericite- and iron carbonate-altered lapilli tuff to tuff breccia of the Stuhini Group, between the Saddle 
South and Saddle North deposits. See Greig, C.J., Dudek, N.P., ver Hoeve, T.J., Quinn, T.D.M., Newton, G., and Greig, R.E., 
2021. Geology of the Tatogga property: Geologic framework for the Saddle North porphyry Cu-Au deposit and the Saddle South 
epithermal Au-Ag vein system, northwestern British Columbia, this volume. Photo by C.J. Greig.

This publication is available, free of charge, from the British Columbia Geological Survey website:
https://www2.gov.bc.ca/gov/content/industry/mineral-exploration-mining/british-columbia-geological-survey/publications

Victoria
British Columbia

Canada

January 2021

British Columbia Cataloguing in Publication Data

Main entry under title:

Geological Fieldwork: - 1974 -

Annual.

Issuing body varies

Vols. for 1978-1996 issued in series: Paper / British Columbia. Ministry of Energy, Mines and Petroleum Resources; 
vols. for 1997 - 1998, Paper / British Columbia. Ministry of Employment and Investment; vols. for 1999-2004, 
Paper / British Columbia. Ministry of Energy and Mines; vols. for 2005-2009, Paper / British Columbia. Ministry 
of Energy, Mines and Petroleum Resources; vols. for 2010, Paper / British Columbia. Ministry of Forests, Mines 
and Lands; vols. for 2011, Paper / British Columbia. Ministry of Energy and Mines; vols. for 2012- , Paper / British 
Columbia. Ministry of Energy, Mines and Natural Gas; vols. for 2014- , Paper / British Columbia. Ministry of 
Energy and Mines; vols. for 2018- , Paper / British Columbia. Ministry of Energy, Mines and Petroleum Resources; 
vols. for 2021- , Paper / British Columbia. Ministry of Energy, Mines and Low Carbon Innovation.

Includes Bibliographical references.

ISSN 0381-243X=Geological Fieldwork

1. Geology - British Columbia - Periodicals.  2. Mines and mineral resources - British Columbia - Periodicals.  3. 
Geology - Fieldwork - Periodicals.  4. Geology, Economic - British Columbia - Periodicals.  5. British Columbia. 
Geological Survey Branch - Periodicals.  I. British Columbia. Geological Division.  II. British Columbia. Geological 
Survey Branch. III. British Columbia. Geological Survey Branch.  IV. British Columbia. Dept. of Mines and 
Petroleum Resources.  V. British Columbia. Ministry of Energy, Mines and Petroleum Resources.  VI. British 
Columbia. Ministry of Employment and Investment.  VII. British Columbia Ministry of Energy and Mines.  VIII. 
Series: Paper (British Columbia. Ministry of Energy, Mines and Petroleum Resources).  IX. Series: Paper (British 
Columbia. Ministry of Employment and Investment).  X. Series: Paper (British Columbia Ministry of Energy and 
Mines).  XI. Series: Paper (British Columbia Ministry of Energy, Mines and Petroleum Resources).  XII. Series: 
Paper (British Columbia Ministry of Forests, Mines and Lands).  XIII. Series: Paper (British Columbia Ministry of 
Energy and Mines).  XIV. Series: Paper (British Columbia Ministry of Energy, Mines and Natural Gas).  XV. Series: 
Paper (British Columbia Ministry of Energy and Mines).  XVI. Series: Paper (British Columbia Ministry of Energy, 
Mines and Petroleum Resources).  XVII. Series: Paper (British Columbia Ministry of Energy, Mines and Low 
Carbon Innovation).

QE187.46     622.1’09711     C76-083084-3 (Rev.)

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
ii



Message from the Assistant Deputy Minister

The British Columbia Geological Survey: 125 years of public geoscience
Exploration and mining are cornerstones of British Columbia’s economy and have been an integral part of our history. Indigenous 

groups used and traded rocks and minerals for thousands of years before coal was discovered on Vancouver Island in 1835. The 
gold rushes of the mid-1800s drew prospectors from across North America and Europe, opening up signifi cant parts of the 
province. Our mineral wealth was an important factor in British Columbia joining confederation in 1871, and throughout our 
history, exploration and mining have provided jobs and government revenues to help the people of British Columbia prosper.

Through most of our history as a Province, the British Columbia Geological Survey (BCGS) has faithfully served the people of 
British Columbia. Since 1895, BCGS has provided the geoscience knowledge that connects government, the minerals industry, 
and communities to the geology and mineral resources of the province. Survey work is used for effective mineral exploration, 
sound land use management, and responsible governance, enabling decisions that balance the economy, the environment, and 
community interests. 

In 2020, the BCGS celebrated 125 years of service. Although the pandemic has limited our opportunities to acknowledge the 
long history of the Survey, I would like to recognize BCGS staff and alumni for their contributions to our understanding of the 
geology and mineral wealth of the province and the opportunities it brings all British Columbians.

Peter Robb
Assistant Deputy Minister

Mines, Competitiveness, and Authorization Division
Ministry of Energy, Mines and Low Carbon Innovation

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
iii



Preface

Geological Fieldwork 2020
Geological Fieldwork 2020 is the forty-sixth edition of the annual volume that presents peer-reviewed papers detailing the results 

of British Columbia Geological Survey (BCGS) geoscience activities. In addition to this volume, the Survey published other 
reports, maps and databases and made contributions to peer-reviewed journals and partners publications (i.e., Geological Survey 
of Canada and Geoscience BC). BCGS also publishes two other annual publications, the Provincial Overview of Exploration and 
Mining in British Columbia and the Coal Industry Overview.

Geological Fieldwork 2020 includes nine papers. Wildgust et al. provide an overview of Survey activities in the past year. The 
fi rst of two papers by Schiarizza et al. conclude that volcanic rocks on Mount Timothy in central British Columbia are part of 
the Skull Hill Formation (early Eocene) rather than the Nicola Group (Triassic). The second paper examines new U-Pb ages for 
intrusive rocks of the Granite Mountain batholith (Late Triassic) including the Burgess Creek and Sheridan Creek stocks. Jones 
et al. is a contribution to ongoing studies in the Hogem Batholith. Their work provides geochronological data that sequences 
the intrusions of the Thane Creek, Duckling Creek, Osilinka and Mesilinka intrusive suites. Also in the Hogem Batholith area, 
Ferbey and Elia describe the Late Wisconsinan ice-fl ow history and surfi cial geology. A paper by Van Wagoner et al. examines the 
Challis-Kamloops belt (early Eocene) in central British Columbia. Greig et al. contribute new U-Pb and Re-Os geochronology and 
explain the geological framework and context of the Tatogga property in northwestern British Columbia. Rukhlov et al. describe 
preliminary endeavours by BCGS in using natural emissions of Hg vapour into the atmosphere as an exploration tool. The fi nal 
paper in the volume, by Lett et al., re-examines unpublished surface sediment geochemical data from a massive sulphide and gold-
quartz vein mineralization at the Ace property, near Likely. 

2020 will be remembered as an historic year during which the Covid-19 pandemic impacted all aspects of society worldwide. 
Like many other countries, Canada shifted to remote working as public health orders limited in-person social interactions. 
In British Columbia, exploration and mining were declared essential services, enabling the industry to continue operating by 
adhering to strict public health and safety guidelines. These measures were largely successful, and explorers continued to work, 
surpassing 2019 expenditures by $93 million, reaching $422 million by the end of 2020. The sector showed its resiliency and 
economic importance while most other parts of the provincial economy struggled. At BCGS, staff were encouraged to work from 
home. Although staff maintained a full workload and publication output, health and work safe requirements and travel restrictions 
curtailed summer fi eld activity. 

BCGS celebrated 125 years of service in 2020 and, even though the pandemic limited opportunities to recognize this milestone, 
we are proud to be British Columbia’s oldest government science agency. The Survey continues to respond to change while 
continuing to fulfi l its traditional role. The Survey remains committed to modernization and adaptation to digital transformation of 
infrastructure and products. Staff renewal continues to be a focus as the Survey replaces venerable staff who have made signifi cant 
contributions to the understanding of Cordilleran geology. The Survey would also like to welcome back the Regional Geologists 
who are now part of the BCGS Mineral Development Offi ce.

Adrian S. Hickin
Chief Geologist and Executive Director

British Columbia Geological Survey
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British Columbia Geological Survey annual program
review 2020-2021

Neil Wildgust1, a, Larry D. Jones1, Gordon Clarke2, and Adrian S. Hickin1

1 British Columbia Geological Survey, Ministry of Energy, Mines and Low Carbon Innovation, Victoria, BC, V8W 9N3
2 British Columbia Geological Survey, Ministry of Energy, Mines and Low Carbon Innovation, Vancouver, BC, V6Z 2G3
a corresponding author: Neil.Wildgust@gov.bc.ca

Recommended citation: Wildgust, N., Jones, L.D., Clarke, G., and Hickin, A.S., 2021. British Columbia Geological Survey annual 
program review 2020-2021. In: Geological Fieldwork 2020, Ministry of Energy, Mines and Low Carbon Innovation, British Columbia 
Geological Survey Paper 2021-01, pp. 1-14.

Executive Summary
The British Columbia Geological Survey, as the steward of provincial geoscience and mineral resource information, conducts research to 

defi ne the geological evolution and natural resources of British Columbia. Part of the Ministry of Energy, Mines and Low Carbon Innovation, 
the Survey generates geoscience knowledge and data to inform land use and resource management decisions, and to support the growth of British 
Columbia as a competitive jurisdiction for mineral exploration. This paper summarizes current research activity and 2020 highlights from a year 
that, despite the impacts of the global pandemic, realized just under 50 publications, in line with typical annual output.

The Cordilleran Geoscience Section of the Survey conducts fi eld and desk-based research activities including bedrock and surfi cial geology 
mapping programs, regional geochemical surveys, and targeted mineral deposit studies. Despite fi eld activity in 2020 being confi ned to targeted 
studies on Vancouver Island due to Covid-19 health restrictions and related concerns, multi-year mapping and research programs in both 
northwest, central, and southern British Columbia were advanced with desk-based work and laboratory analyses. Integrated bedrock mapping 
updates for the provincial database and MapPlace (the BCGS geospatial web service) are in preparation for several areas of the province, 
including: southern Quesnellia, Bonaparte Lake to Quesnel River, Hogem, Polaris, Decar, Turnagain and Tulameen. Plans are also being 
developed to initiate a multi-year project, starting in 2021, to integrate detailed surfi cial geological mapping across the province into a seamless 
database and MapPlace.

Responsible for maintaining and developing provincial geoscience databases, the Resource Information Section disseminates data online 
through MapPlace. Information managed by the team includes traditional geological maps together with thematic studies and reports, 
geochemical, geophysical, and geological databases, plus information such as MINFILE, COALFILE, Mineral Assessment Reports (ARIS), and 
Property File. These databases also support development of next-generation mineral potential assessments using machine learning, which is now 
a major focus for the Survey to support land use and resource planning initiatives.

The Mineral Development Offi ce (MDO) provides investment intelligence to government and global business, publishing the annual Provincial 
Overview of Exploration and Mining in British Columbia volume, and includes three Regional Geologists who track minerals activity across 
the province. 

1. Introduction
The British Columbia Geological Survey, as the oldest

scientifi c agency in the province, has provided public geoscience 
services to the people of British Columbia since 1895. The 
province is endowed with signifi cant natural resources 
including metallurgical coal, base and precious metals, and 
industrial minerals. These deposits are intimately tied to the 
tectonic evolution of the Canadian Cordillera, which continued 
from protracted supercontinent breakup starting about 1600 
million years ago to accretionary processes that operate today 
as Pacifi c Ocean crust slides beneath Vancouver Island. In the 
northeast of the province, the Western Canadian Sedimentary 
basin hosts signifi cant petroleum hydrocarbon resources. As 
the steward of geoscience and mineral resource information in 
the province, the Survey has an important role in stimulating 
activity, attracting investment, informing decisions through 
technical information, and providing continuous research based 
on more than a century of corporate memory. The purpose of 
this paper is to provide a concise overview of current Survey 

research activities and highlight key fi ndings in 2020.
Active Survey research programs (Fig. 1) continue to 

defi ne the geological evolution and natural resources of the 
province, generating knowledge and data to support land use 
and resource management decisions that balance economic, 
environmental, and community interests. A particular focus is 
providing public geoscience to support the growth of British 
Columbia as a competitive jurisdiction for mineral exploration. 
Not only does this include supporting industry, but also 
providing mineral resource information that is essential for 
informed land use decisions by government and, increasingly, 
from communities. The Survey is the primary repository for 
provincial geoscience knowledge. Maps, reports, and databases 
are freely available online, serving the interests of stakeholder 
groups including First Nations, local communities, the minerals 
industry, public safety agencies, environmental scientists, 
research organizations, and government agencies. Despite 
the extensive knowledge base provided by Survey products 
and archives, much work remains. The remote, rugged terrain 
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Fig. 1. British Columbia Geological Survey projects in 2020.

with harsh climatic conditions across much of the province has 
historically constrained Survey fi eldwork. However, modern 
mapping techniques and technology advancements help 
improve the breadth and depth of geological understanding. 
Transformation of historic geoscience information to digital 
formats and databases will require coordinated effort as a 
multi-year initiative. 

Headquartered in Victoria, the Survey is part of the Mines, 
Competitiveness, and Authorizations Division in the British 
Columbia Ministry of Energy, Mines and Low Carbon 
Innovation. Staffed by 35 employees, the BCGS consists 
of three sections: 1) Cordilleran Geoscience; 2) Resource 
Information and 3) the Mineral Development Offi ce (based in a 
Vancouver satellite offi ce and with Regional Geologists across 
the province). The Cordilleran Geoscience Section generates 

new knowledge through fi eld- and desk-based research 
activities including bedrock and surfi cial geology mapping 
programs, regional geochemical surveys, and targeted mineral 
deposit studies. Section team members manage in-house 
laboratory facilities, curate the provincial sample archive, and 
build capacity through contract employment and training of 
geoscience assistants (typically undergraduate and graduate 
students). The Resource Information Section is responsible for 
maintaining and developing provincial geoscience databases 
and disseminating data online through MapPlace, the BCGS 
geospatial web service. The Resource Information Section 
is also responsible for collecting, evaluating, approving, and 
archiving mineral and coal exploration assessment reports 
submitted by industry to maintain titles in good standing. The 
Mineral Development Offi ce (MDO) provides investment 
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intelligence to government and global business, publishing 
the annual Provincial Overview of Exploration and Mining 
in British Columbia volume (e.g., Clarke et al., 2021), and 
includes three Regional Geologists who track minerals activity 
across the province (two positions are currently vacant). 

The Survey welcomed the following new staff during 2020: 
Neil Wildgust (Director, Cordilleran Geoscience), replacing Fil 
Ferri who retired after 32 years with the Ministry; Evan Orovan, 
Mineral Potential Geoscientist; Bronwen Wallace, Mineral 
Assessment Geoscientist; Easton Elia, Geomatics Geoscientist; 
and Jenny Boulet, Project and Branch Coordinator. In addition, 
two Regional Geologists transferred from other parts of the 
Ministry to the Survey: Sean Tombe (Northwest Region) and 
Fiona Katay (Southeast Region). The past 12 months also saw 
Dejan Milidragovic and Pierre Landry leave the Survey ranks 
to pursue geoscience opportunities elsewhere in the province.

The global Covid-19 pandemic inevitably affected Survey 
operations in 2020. Staff were encouraged to work from home 
for much of the year and public health and social distancing 
requirements restricted summer fi eld activity, exacerbated 
by concerns about local community interactions. External 
laboratory services were also affected in many cases, leading 
to delays in analytical testing and processing of results. 
Nonetheless, projects continued and the Survey staff maintained 
a full workload and publication output (Fig. 2). 

2. Partnerships
The Survey adopts a collaborative approach wherever 

possible, extending the scope and content of public geoscience 
while also minimizing the risk of duplicative work. The 
Geological Survey of Canada (GSC) is an established partner; 
the two surveys have collaborated recently through the Geo-
mapping for Energy and Minerals (GEM 2) and Targeted 
Geoscience Initiative 5 (TGI-5) programs, both completed in 
2020. Research completed under these programs included: 
mapping of Cache Creek and Stikine terranes near Atlin 
(Zagorevski et al., 2021; and see section 3.1.1.); examining 
specialty metal deposits that host rare earth elements, lithium, 
tantalum, and niobium (Simandl et al., 2021; Paradis et al., 
2021a, b; and see section 3.2.1.); defi ning a new mineral 
deposit model for orogenic Ni-Cu-PGE mineralization in 
Alaskan-type ultramafi c-mafi c intrusions (Nixon et al., 2020a, 
b); and investigating gold deposits related to the Llewellyn 
fault and Tally Ho shear zone in northwestern British Columbia 
and southern Yukon (Castonguay et al., 2020). The GSC is 
currently launching new multi-year phases of these programs 
(TGI-6 and GEM-GeoNorth) and seeking active collaboration 
with provincial and territorial surveys across Canada.

In collaboration with GSC, the Yukon Geological Survey 
(YGS) and the Geological Association of Canada (Pacifi c 
section), the Survey hosted an online workshop ‘Cordilleran 
Geoscience: a 2020 Perspective’ in October. This event included 
a historic perspective on the development of Cordilleran 
Geoscience and terrane tectonics, followed by recent research 
focussed on Cordilleran evolution. The workshop attracted 

more than 400 registrants, with at least 240 participants logged 
on throughout the day and contributing to lively Q&A sessions.

3. Cordilleran Geoscience Section
Section geologists collect fundamental geoscience 

data through single and multi-year fi eld-based programs 
complemented by laboratory and desk-based studies, 
including regional-scale mapping, mineral deposit studies, and 
development of new mineral exploration methods. Expertise 
encompasses tectonics and structural geology, stratigraphy, 
petrology, metallogeny, coal deposits, Quaternary and surfi cial 
geology, critical minerals, and geochemistry. The following 
sections highlight ongoing and recently completed research 
activities, which progressed signifi cantly in 2020 despite 
fi eldwork being limited to Vancouver Island by pandemic 
concerns and associated public health orders.

3.1. Mapping, regional synthesis and compilation
Mapping is a core element of Survey and Cordilleran 

Section programs, delivering two key products: updates to 
the provincial digital geology database that ultimately feed 
into MapPlace, and more traditional published maps in the 
form of PDF fi les with accompanying research papers. Both 
products stem from common processes including desk-based 
review of previous work and aerial and satellite imagery, 
fi eld mapping, laboratory analyses, geological interpretation, 
and synthesis of these information sources into digital data 
formats. The resulting datasets form an essential component of 
modern mineral potential assessment methods being developed 
by the Survey to inform land use planning policies within the 
provincial government (see section 3.2.).

Integrated regional bedrock map updates for the provincial 
database and MapPlace are listed in the sections below. Plans 
are also being developed to initiate a multi-year project, starting 
in 2021, to integrate detailed surfi cial geological mapping 
across the province into MapPlace.

3.1.1. Northwest British Columbia
Northwest British Columbia hosts signifi cant base and 

precious metals mineral deposits, including in an area 
colloquially referred to as the ‘Golden Triangle’ between 
Iskut and Stewart. An ongoing multi-year Survey program 
will continue to expand regional bedrock mapping coverage 
to support mineral exploration activity. Understanding 
the stratigraphic, magmatic, structural, metallogenic, and 
tectonic framework of this region, as recently summarized 
by Colpron and Nelson (2021), continues to advance through 
Survey research. Nelson and van Straaten (2020) described 
how mineralization in the Stikine volcanic island arc terrane 
aligns with deep crustal corridors that probably originated as 
fundamental zones of weakness in the pre-Devonian basement 
of north-central Stikinia, concluding that the exceptional 
mineral endowment of this region is due to a location 
intersecting sets of long-lived trans-crustal (probably trans-
lithospheric) lineaments that provided conduits for magmas 
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Geoscience Map, 1

Total = 49

Fig. 2. Types and numbers of publications produced by the British Columbia Geological Survey in 2020.

and fl uids during a succession of arc, back-arc, and post-arc 
tectonic regimes. George et al. (2021) provide new U-Pb zircon 
geochronologic and Lu-Hf isotopic data to address the timing 
of latest Triassic-Early Jurassic accretion in Stikinia, attributing 

regional shortening to variable along-strike interactions during 
end-on collision with the Yukon-Tanana terrane such that the 
northern apex of Stikinia saw signifi cant crustal thickening 
that is lacking farther south. Pre-Devonian zircon populations, 
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likely multi-cyclic, differ from those of northern Yukon-Tanana 
terrane but resemble those of southern Wrangell terrane, and 
George et al. (2021) suggest that Stikinia was an independent 
crustal block before the onset of latest Triassic collision.

Integrated bedrock mapping updates for the provincial 
database and MapPlace are currently in preparation for 
signifi cant areas (Fig. 3). For the Dease Lake area, ongoing 
activities are geared towards publication of a 1:100,000 scale 
Geoscience Map, a fi nal update to the provincial database and 
a GeoFile incorporating geochronological, paleontological, 
petrographic, lithogeochemical, structural and petrophysical 
data. Lang et al. (2020) detailed the geology of the Gnat Pass 
porphyry copper deposit.

Field mapping in the Kitsault River area commenced in 
2019 (Hunter and van Straaten, 2020), and a further season of 
mapping will be undertaken in 2021 or as soon as pandemic 

restrictions allow. The area is largely underlain by porphyry- 
epithermal- and VMS-prospective volcanosedimentary rocks 
of the Stuhini and Hazelton groups (Late Triassic to Middle 
Jurassic). To complement future regional mapping, a desktop 
lithogeochemical study is currently focussed on the Hazelton 
Group with analyses of 2015 and 2019 Survey fi eld samples 
and using available exploration lithogeochemistry data from 
sampling in the Dolly Varden, Brucejack (Bowser Property) 
and Eskay Creek VMS-related deposit areas. The results of 
this study will be published in 2021 to identify geochemical 
characteristics of rock units that host VMS-style mineralization 
and resolve key stratigraphic questions. This project also builds 
on concurrent research nearby at Kinskuch Lake by Miller et 
al. (2020).

Included in this edition of Fieldwork is a guest paper by 
Greig et al. (2021), which summarizes the results of recent 
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geologic mapping, new U-Pb zircon and Re-Os molybdenum 
geochronology, and drilling at the Tatogga property in the Iskut 
district. The data obtained establish the geological framework 
of mineralization and the timing of contraction that led to 
Stuhini Group deformation, uplift, and erosional stripping 
before deposition of the Hazelton Group (Fig. 4). 

controlled by local topography and were thick enough to 
fl ow over low-elevation, through-valley, topographic divides 
transporting glacial debris into adjacent drainages. Signifi cant 
volumes of glacial meltwater fl owed through the valleys 
during deglaciation, transporting coarse-grained sands and 
gravels. Colluvial deposits are common along the base of steep 
slopes and are now vegetated and stable, but talus aprons and 
cones are still actively being constructed. Organic deposits 
occur throughout the study area, mostly as narrow transition 
zones between tree stands and water bodies. Subglacial till 
(Fig. 6), the ideal sample medium for till geochemistry and 
mineralogy surveys, is common in valley bottoms and lower 
hillslopes. Surfi cial geology maps of the Hogem batholith are 
in preparation for publication in 2021. In addition to the current 
mapping, Logan et al. (2020) reviewed the geology, structural 
setting, and porphyry deposits of the Hogem batholith.

Summarizing a long-term project in the southern Nicola arc, 
a region endowed with signifi cant porphyry Cu-Au-Mo-Ag 
and other deposits, Mihalynuk and Diakow (2020) completed 
a 1:50,000 scale map depicting the geology of a 2000 km2 area 
extending from southeast of Merritt to Princeton. Friedman 

Fig. 4. Gently northwest-dipping Hazelton Group rocks underlying 
Tsazia Mountain, viewing west from Mount Poelzer; see Greig et al. 
(2021).

3.1.2. Central and southern British Columbia
Integrated bedrock mapping updates for the provincial 

database and MapPlace (Fig. 3) are currently in preparation 
for several areas of central and southern British Columbia as 
a result of Survey mapping and compilation projects: southern 
Nicola Arc, southern Quesnellia, Bonaparte Lake to Quesnel 
River, Hogem, Polaris, Decar, Turnagain and Tulameen. An 
update based on mapping outside of Survey programs in the 
Penticton area of southern BC is planned.

A multi-year mapping project was initiated in 2018 targeting 
the northern Hogem batholith and adjacent intrusive, volcanic 
and sedimentary rocks of the Stikine and Cache Creek terranes. 
New and previously unpublished geochronological data 
that complement bedrock mapping and geochemical studies 
indicate punctuated emplacement of four distinct intrusive 
suites during a protracted (ca. 80 Ma) interval, from 207 to 
128 Ma (Fig. 5; Ootes et al., 2020; Jones et al., 2021). Bedrock 
mapping and geochronologic results from this study indicate 
that the northern Hogem batholith contains prospective rocks 
comparable to those that host the Lorraine and other deposits 
south of the present study area. Surfi cial geologic mapping 
integrated with the bedrock component indicates that the 
Cordilleran Ice Sheet covered the Hogem batholith area during 
the Late Wisconsinan glacial maximum when ice fl owed east 
and southeast across the region (Ferbey and Elia, 2021). For 
most of the Late Wisconsinan, ice fl ow was controlled by 
topography, as recorded by glacially streamlined or eroded 
landform- and outcrop-scale indicators which are commonly 
aligned parallel to valleys. Valley glaciers were not entirely 

Fig. 5. Cathodoluminescent images of zircons from the Mesilinka 
plutonic suite (Cretaceous), Hogem batholith. All show typical 
prismatic igneous zircon morphology, but some show cores with 
rim overgrowths. The bright interior of the zircon at the bottom right 
refl ects a relatively high U content. See Ootes et al. (2020) and Jones 
et al. (2021).
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et al. (2020) reported two new U-Pb zircon ages from the 
Nicola Group, one the oldest dated thus far (CA-TIMs, 239.99 
±0.16 Ma), the other the youngest (LA-ICPS detrital, 200.2 
±1.1 Ma; Fig. 7). van Straaten et al. (2020) reviewed the mined 
Gibraltar porphyry copper-molybdenum deposit and Schiarizza 
and Friedman (2021a) report new chronological data for the 
Granite Mountain batholith (Late Triassic), host to the mine. 
Three samples from the Granite Mountain batholith yield Late 
Triassic dates of 217.15 ±0.37 Ma (Granite Mountain phase 
leucocratic tonalite), 215.71 ±0.36 Ma (Mine phase tonalite), 
and 214.98 ±0.38 Ma (quartz-plagioclase porphyry dike cutting 
Mine phase tonalite). The Burgess Creek stock, on the northeast 
margin of the Granite Mountain batholith, provides dates 
of 222.71 ±0.39 Ma (tonalite) and 221.25 ±0.39 Ma (quartz 
diorite), demonstrating that it is also Late Triassic, but several 
million years older than the Granite Mountain batholith. To the 
sout h, the Sheridan Creek stock contains a foliation with the 
same orientation and characteristics as a prominent foliation 
in the southern part of the batholith (Fig. 8). Tonalite from the 
Sheridan Creek stock returns an Early Cretaceous date of 108.57 
±0.18 Ma, demonstrating that the foliation is mid-Cretaceous 
or younger. Work continues on the fi nal compilation of a study 
(e.g., Schiarizza, 2019) in the central part of the Nicola arc. 

Working in the type area of the Kamloops Group in south-
central British Columbia, Van Wagoner et al. (2021) examined 
the physical volcanology and geochemistry of Eocene rocks 
that form part of the Challis-Kamloops belt which, extending 
for 2000 km along the length of Cordillera, records orogen-scale 
extension, graben formation, volcanism, and sedimentation. 
The area is underlain by rocks indicating subaerial to 
subaqueous (lacustrine) volcanism, with volcanic facies 
including mega pillows, hyaloclastites, pahoehoe and aa fl ows, 
domes and phreatomagmatic cones (Fig. 9). A preliminary 
comparison of Kamloops Group geochemistry and data from 
other nearby Eocene units (Princeton and Penticton groups) 
indicates distinct geographic differences. The Kamloops and 

Fig. 6. A blocky, massive, overconsolidated subglacial till with a silty-
sand matrix exposed on the north side of Mesilinka River valley, east 
of Aiken Lake; see Ferbey and Elia (2021).

Fig. 7. Geochronologic sampling, Nicola Group; see Friedman et al. 
(2020) and Mihalynuk and Diakow (2020).

Fig. 8. Foliated Mine phase tonalite, Granite Mountain batholith, west 
of Gibraltar Mine; see Schiarizza and Friedman (2021a).
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Fig. 9. The ridge top exposes Eocene andesitic breccias (Kissick member, Dewdrop Flats Formation, Kamloops Group) representing a dome or 
sub-volcanic intrusion. In the foreground are Quaternary gravel deposits. See Van Wagoner et al. (2021).

Princeton group melts may have been derived from the spinel-
garnet transition zone in the subcontinental lithospheric mantle 
and infl uenced by slab-derived fl uids, whereas the Penticton 
Group shows trends toward anhydrous enrichment and may 
have been derived from a different source. Farther north, 
Schiarizza and Friedman (2021b) resolved the age of volcanic 
rocks exposed on the southern slope of Mount Timothy that 
previously had been considered part of the Nicola Group. A 
sample of plagioclase-hornblende-pyroxene-phyric andesite 
yielded an Eocene U-Pb zircon age of 50.84 ±0.04 Ma (CA-
TIMS), signifi cantly younger than the Nicola Group.

To help steer future exploration efforts, the BCGS is 
continuing a regional depth-to-bedrock study in the drift-
covered area of the Central Interior Plateau between the Mount 
Polley and Mount Milligan Cu-Au porphyry deposits. This 
project is using published data, including drill hole, bedrock, 
and surfi cial maps to establish the geometry of the bedrock-
drift interface. Final reporting is anticipated in early 2021.The 
Survey is also planning to undertake remotely piloted aircraft 
system surveying in this region (see section 3.2.2.).

Field activity on northern Vancouver Island focussed on 
collecting samples of Neogene rocks for geochronology and 
geochemistry to better understand the spatial and temporal 
distribution of porphyry Cu-Mo mineralization. High-
precision dating reported by Nixon et al. (2020c) linked the 
Klaskish Plutonic Suite (ca. 7 to 4.6 Ma) emplacement and 
crystallization to porphyry Cu-Mo magmatic-hydrothermal 
systems, representing an extensive and underexplored 
metallotect. Analytical results and reporting are anticipated in 
the fi rst half of 2021.

3.2. Targeted deposit studies and exploration methods 
Regional mapping programs as described above are 

complemented by more specifi c or thematic studies, typically 
selected to develop public geoscience knowledge and datasets 
in key topics that support minerals exploration or land use 
policy within government. Survey geoscientists are able to 
trial innovative technologies that can support future regional 
mapping and mineral exploration activities.

3.2.1. Deposit studies
In anticipation of the next generation of mineral deposit 

profi les which, aided by machine learning, will guide modern 
mineral potential assessments, Lefebure and Jones (2020) 
compiled all deposit profi les developed between 1995 and 
2012 into a single volume. The Survey is well positioned 
to advance such new methods with established databases 
supporting MapPlace and other applications (see section 4); 
2020 saw signifi cant effort to frame and develop mineral 
potential assessment for the Tahltan traditional territory in the 
northwestern part of the province to support land use policy 
discussions.

Although Alaskan-type ultramafi c-mafi c intrusions are 
gaining recognition as a global class formed at convergent 
margins and are also gaining global importance as an economic 
resource, they remain poorly understood and underexplored. 
Nixon et al. (2020a) reviewed magmatic Ni-Cu-PGE deposits 
hosted by Alaskan-type intrusions in the Canadian Cordillera, 
including Tulameen in south-central British Columbia and 
Polaris and Turnagain in the northwest. Nixon et al. (2020b) 
reported new U-Pb zircon and 40Ar/39Ar ages from the Turnagain 
intrusion, and Nott et al. (2020) published a detailed (1:15,000) 
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Fig. 10. Coal core from the Gething Formation, Carbon Creek, 
northern British Columbia; see Riddell (2020).

map of the Polaris intrusion that refi ned internal and external 
geological relationships. Research directed toward developing 
an emplacement framework for the Polaris intrusion continues.

As part of ongoing work devoted to specialty metals in 
southern British Columbia, Simandl et al. (2021) reported on 
rare earth elements in carbonates from sediment-hosted lead-
zinc deposits, Paradis et al. (2021a) summarized carbonate-
hosted mineral deposits (Mississippi Valley-type, magnesite, 
and REE-F-Ba), and Paradis et al. (2021b) examined the 
distribution of trace elements in pyrite from carbonate-hosted 
sulphide deposits. Work continues on the geochemistry of the 
main mineralized zone at the Rock Canyon Creek REE-Ba-F 
deposit and reviewing opportunities and risks associated with 
exploration and development of critical magnet, battery, and 
photovoltaics materials.

Riddell (2020) evaluated coal ash chemistry indices for 
predicting CSR (coke strength after reaction with CO2) for 
coking coals of the Rocky Mountains (Fig. 10), concluding that 
correlations between measured CSR and the most commonly 
used predictive index (Base-Acid Ratio) are moderate to strong 
and thus can provide a timely and inexpensive fi rst-order 
prediction for CSR, although not accurate enough for feasibility 
studies or product marketing. A new mineral characterization 
study of metallurgical coals by the Survey was initiated in 
2020, beginning with sampling of the Gething Formation in 
the Peace River coalfi eld. Samples will be analyzed using an 
automated scanning electron microscope (SEM) to determine 
the mineral content, including abundance, speciation, contact 
association and grain size. The method is used to help design 
the most effective methods of processing raw coal. The data 
produced can also be used at the exploration phase of a project, 
to improve coal quality prediction. 

geochemical database by typifying potential ore deposits in 
prospective drainage basins. As an example and a focus during 
2020, re-analysis of the archive heavy-mineral concentrate 
(HMC) samples using scanning electron microscopy, electron 
probe micro-analysis (EPMA), laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS) and 
quantitative mineralogy (Rukhlov et al., 2021a) confi rmed 
the fi ndings of Rukhlov et al. (2020a) that yttrium-rich garnet 
associated with placer gold deposits at Loss Creek in the 
southern Vancouver Island area is the main host of ‘strategic’ 
and ‘critical’ heavy rare earth elements (HREE) and Ge in the 
HMC samples. Concentrations of up to 0.53% REE (mostly 
HREE) in the garnet are comparable with the top grade of the 
world’s largest HREE producers such as the ion-adsorption 
clay deposits (0.05-0.5% REE) in southern China, and with 
eudialyte-hosted REE deposits (1.6% REE) associated with 
peralkaline massifs such as Ilímaussaq in southern Greenland. 
The signifi cant geochemical resources of HREE, Mn, and Ge in 
the Loss Creek catchment basin (Rukhlov et al., 2020a) suggest 
that the Y-rich garnet could be a potentially source of the low-
carbon energy and high-technology metals. A suite of indicator 
minerals, including apatite, magnetite, and epidote, recovered 
from samples collected in the northern Vancouver Island area 
in 2019 have been also analyzed for major- and trace-element 
concentrations using in situ EPMA and LA-ICP-MS.

Continuing long-standing Survey geochemical and 
mineralogical studies to defi ne glacial dispersal systems down-
ice of buried mineral deposits (e.g., Hickin and Plouffe, 2017), 
Lett and Paulen (2021) re-examined surface sediment and till 
geochemistry at the Ace mineral property using data from 
Survey fi eldwork conducted in 2000. Much of the bedrock on 
the property is concealed by lodgement (basal) till, which was 
deposited by a southeast to northwest ice movement. The trace 
element dispersal profiles suggest a massive sulphide source for 
the anomalous metals in bedrock beneath the till at the east end 
of the dispersal train. Potentially, other till and soil Au and As 
anomalies in the western and southern parts of the survey area 
could have been derived from unmapped, northeast-trending 
gold-quartz veins.

Mercury vapour surveys have been used in geochemical 
exploration because Hg occurs in most types of endogenic ore 
deposits and is highly mobile. Rukhlov et al. (2020b, 2021b) 
measured atmospheric mercury vapour (Fig. 11) at 15 sites on 
Vancouver Island. To evaluate the effectiveness of the method 
across a range of settings, these sites include different types 
of known mineralized zones, barren rocks, and faults, both 
buried and exposed. The highest Hg concentration was above 
tailings at the Bentley Au occurrence, possibly due to the 
amalgamation technique used for fi ne gold extraction between 
the late 1800s and early 1900s. Prominent Hg vapour haloes 
mark shear-hosted Cu-Ag-Au sulphides at Mount Skirt (13.4x 
background Hg), epithermal Au-Ag-Cu at Mount Washington 
(8.9x background Hg), and sediment-covered polymetallic 
volcanogenic massive sulphide at the Lara-Coronation 
occurrence (4.2 to 6.6x background Hg). Basalt-hosted Cu-

3.2.2. Exploration methods
Regional geochemistry remains a major focus for the 

Survey. Indicator mineral chemistry enhances the provincial 
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Fig. 11. Simultaneous measurement of meteorological conditions 
(on tripod) and direct measurement of atmospheric Hg vapour 
concentrations using a portable RA-915M analyzer along a terrane 
boundary at Harling Point, Municipality of Oak Bay, Victoria; see 
Rukhlov et al. (2020b, 2021b).

Ag-Au sulphide zones at the Sunro past producer are marked 
by weak Hg vapour anomalies relative to local background. 
Faults, including the Leech River fault, which was active in 
the Quaternary, are also marked by weak Hg vapour anomalies. 
The study confi rms that, although the Hg level is infl uenced by 
weather, the real-time Hg vapour measurement of near-surface 
air can delineate mineralized zones and fault structures that are 
buried under overburden 10s of m thick. In contrast to soil gas 
sampling, this simple and rapid technique can be applied to 
mineral exploration and geological mapping under overburden 
above any type of surface, including outcrops, talus, bogs, 
water bodies, snow, and permafrost.

Remotely piloted aircraft system (RPAS)-mountable gamma 
ray spectrometers are now commercially available, allowing 
inexpensive acquisition of K, U, and Th data above till-covered 
areas. The Survey is planning to use this technique to help 
characterize mineral potential in the Central Interior Plateau 
region. Phase 1 (scheduled for 2021) of this project would be 
a case study to prove the RPAS-borne radiometric method, in 
the context of till provenance and drift prospecting. The Mount 
Polley porphyry Cu-Au mine area is an ideal fi eld laboratory 
for this case study, with mapping control on bedrock and 
surfi cial geology supplemented by matrix till geochemical 
and mineralogical data; forestry clear-cuts are well located 
for enabling RPAS surveys to be fl own over subglacial tills of 
different provenance.

4. Resource Information Section
The Survey is the custodian of all provincial public 

geoscience data. This entails regularly upgrading databases 
and making this information, and its derivatives, easily 
accessible through web portals. Survey geoscientists collect 
fundamental geoscience information that is transferred into 
these online databases and used by industry to develop projects 

and help search for new discoveries. This information includes 
traditional geological maps together with thematic studies and 
reports, geochemical, geophysical, and geological databases, 
plus information such as MINFILE, COALFILE, Mineral 
Assessment Reports (ARIS), and Property File. All these data 
produc ts are accessible through the Digital Geoscience Data 
page of the Survey website. Besides providing improved access 
to geoscience data and functionality for a range of applications 
and stakeholders, the availability of databases supports 
developing machine learning methods for future applications 
including mineral potential assessment.

4.1. MapPlace
MapPlace <www.MapPlace.ca> is  the BCGS geospatial web 

service to effi ciently visualize, search, report, and generate 
custom results and maps from province-wide geoscience 
databases. Some of the advanced applications and user 
interfaces are specifi cally designed to enable research and 
analytics for mineral exploration and prospecting. Easy access 
to, and analysis of, geoscience data and maps are fundamental 
to inform decisions on mineral exploration, mining, 
environmental protection, and land use management. MapPlace 
provides a platform to facilitate the discovery, display, search, 
and analysis of geoscience in the context of all other relevant 
data such as mineral titles, assessment reports, land ownership, 
linear infrastructure, aquifers, topography and satellite 
imagery. Recent additions to MapPlace include: a light version 
for mobile devices; enhancement of topographic features; 
assessment report-sourced surface sediment geochemical data; 
and a layer to display bedrock map footprints with links to 
publication details and downloads.

4.2. ARIS reports and  database
Results of mineral exploration programs are submitted 

by industry in assessment reports to the government in 
compliance with the Mineral Tenure Act. After a one-year 
confi dentiality period, the reports become an open resource 
for mineral exploration, investment, research, land-use, and 
resource management. The Survey maintains these reports 
in the Assessment Report Indexing System (ARIS) database. 
This database provides information about the location, mineral 
occurrences, commodities, claims, work types, and expenditures 
as documented in the assessment reports. ARIS contains more 
than 38,000 reports dating from 1947. All reports are available 
online as PDF documents through the British Columbia 
Geological Survey website. Digital data, in formats that can 
be readily used such as spreadsheets rather than .PDF fi les, 
from 620 assessment reports are available through the ARIS 
search application. A version of the ARIS database is available 
in Microsoft Access format (.mdb) from the digital geoscience 
data webpage <https://www2.gov.bc.ca/gov/content/industry/
mineral-exploration-mining/british-columbia-geological-
survey/publications/digital-geoscience-data >.

Following the 2019 re lease of the assessment report-
sourced surface sediment geochemical (ARSSG) database 
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(Norris and Fortin, 2019) work continues beyond the Interior 
Plateau. The database currently contains more than 5.75 
million determinations from over 143,000 samples across 
the province. The data are incorporated into MapPlace and 
the ARSSG application <http://webmap.em.gov. bc.ca/arssg/
arssg_home.asp>, which includes sample details and a location 
map. Development of an assessment report-sourced drillhole 
database is ongoing.

4.2.1. ARIS digital data submission
Traditionally, data in assessment reports have been embedded 

in paper or non-digital electronic fi les, such as PDF, making 
them diffi cult to extract and use. The Survey is encouraging 
digital data submission, which will benefi t users because digital 
data can be easily retrieved, integrated, processed, recalculated, 
and recast for specifi c needs. Digital submission will also 
enable the Survey to better maintain province-wide databases 
and create derivative products that use past results to guide 
future exploration. The ARIS Data portal is now available for 
clients to submit both assessment reports and digital data fi les 
(up to 2 GB), such as spreadsheets, databases, maps, grids 
describing technical work in an assessment report. Data can 
be uploaded through the ARIS data submission page <http://
webmap.em.gov.bc.ca/mapplace/ar_digital_submission.html>. 
Archives of previous assessment report data are accepted and 
encouraged for submission. 

4.3. Other databases
COALFILE includes a collection of 1030 coal assessment 

reports, dating from 1900. Associated data include 16,100 
boreholes, 550 bulk samples, 5400 maps, 3650 trenches, 484 
coal ash chemistry analyses and links to MINFILE. COALFILE 
data are integrated with MapPlace. 

MINFILE is a database  for mineral, coal, and industrial 
mineral occurrences and associated details on geology and 
economic information for more than 15,300 records. In the 
last year, more than 200 new occurrences and 1250 updates 
were added to the database. The web-enabled MINFILE search 
application interacts with MapPlace, ARIS, and Property 
File. The MINFILE bibliography now links more than 9500 
MINFILE records directly to Property File. 

Property File is a collection of more than 85,000 archived 
reports, maps, photos, and technical notes documenting mineral 
exploration activities in British Columbia from the late 1800s. 
These documents are accessible in a full-text, searchable, 
online database. The records are spatially linked to MINFILE. 
The Survey accepts donations to Property File. 

The provincial geochemical databases hold fi eld and 
geochemical data from multi-media surveys by the Geological 
Survey of Canada, the BCGS, and Geoscience BC. The 
databases are updated regularly and contain results from: 1) 
the Regional Geochemical Survey program (RGS) including 
analyses from more than 66,000 stream-sediment, lake 
sediment, moss, and water samples (Han and Rukhlov, 2020a); 

2) 10,500 till surveys (Bustard et al., 2017, 2019); and 3) 
11,000 lithogeochemical samples (Han and Rukhlov, 2020b). 
An updated geochronology database (Han et al., 2020) is 
anticipated to be launched in 2021. A surfi cial geology index 
map for the province (Arnold and Ferbey, 2019) is regularly 
updated as is an ice-fl ow indicator database for British 
Columbia and Yukon (Arnold and Ferbey, 2020).

4.4. British Columbia digital geology
The BCGS offers a pro vince-wide digital coverage of 

bedrock geology including details from fi eld mapping at 
any scale, with a typical regional compilation at a scale 
of 1:50,000. BC Digital Geology regularly integrates new 
regional compilations. Bedrock geology is standardized with 
consistent stratigraphic coding, ages, and rock types to enable 
computations and is available for download in GeoPackage and 
Esri shapefi le formats. Customized bedrock geological maps 
and legends can be explored, and data downloaded as KML by 
spatial and non-spatial queries via MapPlace. The BCGS has 
transformed the digital geology to the GeoSciML Lite schema 
and mapped the contents using the vocabularies adopted by the 
IUGS Commission for the Management and Application of 
Geoscience Information (CGI). The GeoSciML Lite-compliant 
digital geology is accessible via the OneGeology portal and 
open standard-based interface such as WMS and WFS, to 
enable interoperation and analytics of the Survey database to 
the exploration and mining industry. The Survey is currently 
focussing on integrating various compilations (see section 3) 
and progressing a compilation of fi eld stations and structural 
measurements that will be part of the BC Digital Geology 
database; preliminary results will be released in 2021.

5. Mineral Development Offi ce
The Mineral Development Offi ce (MDO) is the Vancouver 

base of the British Columbia Geological Survey. It links the 
more than 800 exploration and mining companies headquartered 
in Vancouver to provincial mineral and coal information. The 
MDO distributes Survey data and provides technical information 
and expertise about mineral opportunities to the domestic and 
international investment community. The MDO monitors the 
activities of the mining and exploration sectors and produces 
the ‘Provincial Overview of Exploration and Mining in British 
Columbia’, an annual volume that summarizes activities in the 
different regions of the province (see e.g., Clarke et al., 2021).

The British Columbia Regional Geologists (Table 1) 
represent the provincial government on geological matters at 
a regional level and capture information on industry activity 
in their jurisdictions. Within their communities, they provide 
information on exploration trends, possible investment 
opportunities, land use processes, First Nation capacity 
building, and public outreach. Since 1993, the Regional 
Geologists reported to regional offi ce directors. In 2020, the 
Regional Geologists were repatriated to the BCGS as part of 
the MDO.
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Table 1. British Columbia Regional Geologists.

Regional Geologist Offi ce Region

Sean Tombe Smithers Northwest

Vacant Prince George Northeast and North Central

Vacant Kamloops South Central

Fiona Katay Cranbrook Southeast

Bruce Northcote Vancouver Southwest
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Abstract
Mount Timothy, near the eastern edge of the Fraser Plateau in south-central British Columbia, is in a belt of Late Triassic-Early Jurassic volcanic, 

sedimentary, and plutonic rocks belonging to Quesnel terrane. The mountain is also in a belt of Eocene volcanic rocks that unconformably overlie 
rocks of Quesnel terrane. Volcanic rocks on Mount Timothy have previously been assigned to either the Nicola Group (Triassic, Quesnel terrane) 
or the Skull Hill Formation (Eocene). In order to resolve this uncertainty, a sample of plagioclase-hornblende-pyroxene-phyric andesite collected 
from the south slope of the mountain was dated using the U-Pb zircon chemical abrasion thermal ionization mass spectrometry method (CA-
TIMS). Five zircon grains yield a weighted mean 206Pb/238U date of 50.84 ±0.04 Ma, interpreted as the crystallization age of the andesite. This 
date shows that the volcanic rocks are part of the Skull Hill Formation and, together with the few K-Ar dates obtained elsewhere in the region, 
indicates a predominantly early Eocene age for the unit. 

Keywords: Eocene, Skull Hill Formation, Kamloops Group, Mount Timothy, U-Pb, zircon, CA-TIMS

1. Introduction
Mount Timothy is near the eastern edge of the Fraser 

Plateau, 18 km northeast of the community of Lac La Hache 
and Highway 97, within the traditional territories of the 
Secwepemc and Esk’etemc First Nations. It is in a belt of 
Triassic and Early Jurassic volcanic, sedimentary and plutonic 
rocks included in Quesnel terrane, and also in a younger 
belt of Eocene volcanic rocks that overlies Quesnel terrane 
and extends northwestward into the Chilcotin and Nechako 
plateaus, where it overlies Cache Creek and Stikine terranes 
(Fig. 1). Volcanic and volcaniclastic rocks near Mount Timothy 
were included in the Nicola Group (Triassic) by Campbell and 
Tipper (1971) but were assigned to the Skull Hill Formation 
(Eocene) by Schiarizza and Bligh (2008). However, Schiarizza 
(2016) questioned the Eocene assignment because a distinctive 
plagioclase-phyric andesite in the upper part of the volcanic 
package is lithologically similar to Late Triassic andesite (U-Pb 
zircon date of 203.9 ±0.4 Ma) in the upper part of the Nicola 
Group near Woodjam Creek, 36 km north of Mount Timothy 
(Schiarizza et al., 2013). To resolve this uncertainty, a sample 
from the Mount Timothy andesite, collected in 2015, was dated 
using the U-Pb zircon CA-TIMS method. The crystallization 
age of 50.84 ±0.04 Ma that we report herein demonstrates that 
the andesite from Mount Timothy is early Eocene and part of 
the Skull Hill Formation, as inferred by Schiarizza and Bligh 
(2008).

Fig. 1. Location of the Mount Timothy area; main exposures of 
Quesnel terrane rocks and the belt of Eocene volcanic rocks that 
cuts across Quesnel terrane. Lower Eocene volcanic rocks east of the 
Fraser River are in the Kamloops, Princeton and Penticton groups, 
those to the west are mainly in the Ootsa Lake and Endako groups.

2. Geology of the Mount Timothy area
The Mount Timothy area is underlain by Late Triassic and 

Early Jurassic sedimentary, volcanic and plutonic rocks of 
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Quesnel terrane, and unconformably overlying Eocene volcanic 
rocks. The youngest rocks are Pleistocene basalts, commonly 
with mantle-derived xenoliths of spinel lherzolite, that locally 
overlie the Mesozoic and Eocene rocks (Fig. 2).

The oldest rocks of Quesnel terrane are sedimentary and 
volcanic rocks of the Nicola Group, which includes two 
separate units. The oldest Nicola unit is exposed in the 
southern part of the area and is separated from adjacent rocks 
by east- and north-trending faults. This unit (assemblage two 
of Schiarizza, 2019) consists mainly of green to grey volcanic 
sandstone and conglomerate, dated regionally as Carnian and 
lower Norian. The second Nicola unit (assemblage four of 
Schiarizza, 2019) is exposed mainly north of Mount Timothy. It 
consists of red, purple and green polymictic conglomerate and 
feldspathic sandstone, but also includes a mappable body of 
pyroxene-plagioclase-phyric basalt and basalt breccia (Fig. 2). 
Assemblage four (mainly late Norian and Rhaetian) is the 
uppermost component of the Nicola Group in the region and is 
separated from older parts of the group by an unconformity or 
disconformity (Schiarizza, 2019).

Plutonic rocks of Quesnel terrane include several small 
stocks of Late Triassic monzodiorite and diorite that cut 
assemblage four of the Nicola Group, mainly north of Mount 
Timothy, and a large body of Early Jurassic hornblende-biotite 
granodiorite, which forms part of the western margin of the 
Takomkane batholith, in the eastern part of the area (Schiarizza 
et al., 2013).

Campbell and Tipper (1971) applied the name Skull Hill 
Formation (originally defi ned by Uglow, 1922) to Eocene 
volcanic rocks in the Mount Timothy area, considering the 
unit as part of the Kamloops Group. The Skull Hill Formation, 
as mapped by Schiarizza and Bligh (2008) and confi rmed by 
the U-Pb zircon date of the present study, covers a large area 
near Mount Timothy, where it overlies the Nicola Group and 
the adjacent Takomkane batholith; it also forms several small 
outliers that overlie the Nicola Group farther north (Fig. 2). The 
formation consists mainly of andesitic to basaltic fl ows, but also 
includes volcanic breccias and minor amounts of arkosic wacke. 
Basalt fl ows are dark grey, massive, and commonly include 
sparse to abundant phenocrysts of pyroxene±plagioclase. 
Andesitic fl ows are grey to brown, commonly friable, and 
characterized by phenocryst assemblages of plagioclase-
hornblende-pyroxene or plagioclase-hornblende-biotite. These 
fl ows, in part, form a mappable unit on the south and east fl anks 
of Mount Timothy that contains abundant large (5-12 mm) 
plagioclase phenocrysts, commonly accompanied by smaller 
and less abundant hornblende and pyroxene phenocrysts. 
Volcanic breccias of uncertain origin are mainly near the top 
of Mount Timothy; together with basaltic and andesitic fl ows, 
these breccias are beneath the mappable coarse plagioclase-
phyric andesite unit. The breccias comprise purple, green and 
grey volcanic fragments (1-10 cm, with various combinations 
of plagioclase, hornblende and pyroxene phenocrysts) in a 
friable matrix that contains abundant plagioclase grains.

Grey, fi ne- to medium-grained, equigranular diorite forms 

two small plugs that intrude volcanic fl ows and breccias of the 
Skull Hill Formation on the east fl ank of Mount Timothy. The 
diorite consists of plagioclase, traces of K-feldspar, and 25 to 
35% mafi c minerals that include hornblende, clinopyroxene and 
biotite. This composition is very similar to that of Late Triassic 
monzodiorite-diorite stocks that intrude the Nicola Group north 
of Mount Timothy. Nevertheless, Schiarizza and Bligh (2008) 
considered them Eocene or younger because they intrude rocks 
that they mapped as Skull Hill Formation. The early Eocene 
U-Pb zircon date presented here confi rms this interpretation.

3. Geochronology
Here we present U-Pb zircon isotopic dating results obtained 

by the chemical abrasion thermal ionization mass spectrometry 
method (CA-TIMS) for a sample collected from the coarse 
plagioclase-phyric andesite unit that is exposed on the south 
and east fl anks of Mount Timothy. Sample preparation and 
analytical work was conducted at the Pacifi c Centre for Isotopic 
and Geochemical Research (PCIGR), the Department of Earth, 
Ocean and Atmospheric Sciences, the University of British 
Columbia.

3.1. Analytical procedures
CA-TIMS procedures described here are modifi ed from 

Mundil et al. (2004), Mattinson (2005) and Scoates and 
Friedman (2008). After the rock sample underwent standard 
mineral separation procedures, zircons were handpicked 
in alcohol. The clearest, crack- and inclusion-free grains 
were selected, photographed and then annealed in quartz 
glass crucibles at 900°C for 60 hours. Annealed grains were 
transferred into 3.5 mL PFA screwtop beakers, ultrapure HF 
(up to 50% strength, 500 μL) and HNO3 (up to 14 N, 50 μL) 
were added and caps were closed fi nger tight. The beakers 
were placed in 125 mL PTFE liners (up to four per liner) and 
about 2 mL HF and 0.2 mL HNO3, of the same strength as the 
acid in the beakers containing the samples, were added to the 
liners. The liners were then slid into stainless steel Parr™ high-
pressure dissolution devices, which were sealed and brought 
to a maximum of 200°C for 8-16 hours (typically 175°C for 
12 hours). Beakers were removed from the liners and zircon 
was separated from the leachate. Zircons were rinsed with >18 
MΩ.cm water and subboiled acetone. Then 2 mL of subboiled 
6N HCl was added and beakers were set on a hotplate at 80-
130°C for 30 minutes and again rinsed with water and acetone. 
Masses were estimated from the dimensions (volumes) of 
grains. Single grains were transferred into clean 300 μL PFA 
microcapsules (crucibles), and 50 μL 50% HF and 5 μL 
14 N HNO3 were added. Each was spiked with a 233-235U-205Pb 
tracer solution (EARTHTIME ET535), capped and again 
placed in a Parr liner (8-15 microcapsules per liner). HF and 
nitric acids, in a 10:1 ratio, were added to the liner, which was 
then placed in a Parr high-pressure device and dissolution 
was achieved at 240°C for 40 hours. The resulting solutions 
were dried on a hotplate at 130°C, 50 μL 6N HCl was added 
to microcapsules and fl uorides were dissolved in high-pressure 
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Fig. 2. Geology of the Mount Timothy area showing the location of sample 15PSC-21. Geology modifi ed from Schiarizza et al. (2013), with 
Nicola subdivisions from Schiarizza (2019).
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Parr devices for 12 hours at 210°C. HCl solutions were 
transferred into clean 7 mL PFA beakers and dried with 2 μL of 
0.5 N H3PO4. Samples were loaded onto degassed, zone-refi ned 
Re fi laments in 2 μL of silicic acid emitter (Gerstenberger and 
Haase, 1997).

Isotopic ratios were measured by a modifi ed single collector 
VG-54R or 354S (with Sector 54 electronics) thermal 
ionization mass spectrometer equipped with analogue Daly 
photomultipliers. Analytical blanks were 0.2 pg for U and 
up to 1 pg for Pb. U fractionation was determined directly 
on individual runs using the EARTHTIME ET535 mixed 
233-235U-205Pb isotopic tracer. Pb isotopic ratios were corrected for 
fractionation of 0.25 ±0.03%/amu, based on replicate analyses 
of NBS-982 reference material and the values recommended 
by Thirlwall (2000). Data reduction employed the Excel-based 
program of Schmitz and Schoene (2007). Standard concordia 
diagrams were constructed and regression intercepts and 
weighted averages calculated with Isoplot (Ludwig, 2003). 
Unless otherwise noted all errors are quoted at the 2 sigma or 
95% level of confi dence. Isotopic dates are calculated with the 
decay constants λ238=1.55125E-10 and λ235=9.8485E-10 (Jaffey 
et al., 1971). EARTHTIME U-Pb synthetic solutions were 
analyzed on an on-going basis to monitor the accuracy of 
results.

3.2. U-Pb zircon CA-TIMS results for sample 15PSC-21
Sample 15PSC-21 was collected from an exposure along an 

abandoned logging road (618939E, 5749330N, UTM Zone 
10, NAD 83), 2.6 km south-southwest of Mount Timothy 
(Fig. 2). It is a grey andesite with abundant large plagioclase 
phenocrysts, and smaller and less abundant hornblende 
and pyroxene phenocrysts (Fig. 3). A moderate quantity of 
anhedral and subhedral zircon grains were extracted from the 
sample (Fig. 4), and fi ve of these were selected for CA-TIMS 
processing and analysis (Table 1). Results for the fi ve grains 
are mutually overlapping on concordia, with a weighted mean 
206Pb/238U date of 50.84 ±0.04 Ma (MSWD=1.35), interpreted 
as the crystallization age of the andesite (Fig. 5).

Fig. 3. Plagioclase-hornblende-pyroxene-phyric andesite of sample 
15PSC-21, collected 2.6 km south-southwest of Mount Timothy.

Fig. 4. Zircon grains extracted from sample 15PSC-21.

Fig. 5. a) Concordia plot of zircons analyzed from sample 15PSC-21. 
b) 206Pb/238U ages and calculated weighted mean age.
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4. Discussion
Campbell and Tipper (1971) mapped the rocks near Mount 

Timothy as Nicola Group (Triassic), but mapped volcanic 
rocks farther west, on the ridge west of Timothy Creek, as Skull 
Hill Formation (Eocene). Schiarizza and Bligh (2008) inferred 
that the Eocene rocks were much more extensive, and that 
they continued eastward from Timothy Creek beyond Mount 
Timothy, where they overlapped the contact between the Nicola 
Group and the Takomkane batholith (as shown on Fig. 2). 
Schiarizza (2016) subdivided the Nicola Group regionally into 
four assemblages and assigned the Nicola rocks north of Mount 
Timothy to the uppermost part of the group (assemblage four). 
He suggested that the volcanic rocks on and south of Mount 
Timothy, mapped as Eocene by Schiarizza and Bligh (2008), 
were also part of assemblage four because: 1) the plagioclase-
phyric andesite unit exposed south and east of Mount Timothy 
is lithologically similar to Late Triassic andesite in assemblage 
four near Woodjam Creek, 36 km north of Mount Timothy 
(Schiarizza et al., 2013); and 2) the two small diorite plugs 
that intrude the plagioclase-phyric andesite unit east of Mount 
Timothy are markedly similar to the Late Triassic monzodiorite 
stocks that intrude assemblage four north of Mount Timothy, 
and might likewise be Late Triassic. The 50.84 ±0.04 Ma date 
obtained for the Mount Timothy andesite in this study confi rms 
the Eocene interpretation of Schiarizza and Bligh (2008) and 
allows us to reject the Triassic interpretation proposed by 
Schiarizza (2016).

Uglow (1922) introduced the name Skull Hill Formation 
for undated volcanic rocks of suspected Tertiary age along the 
North Thompson River valley, and Campbell and Tipper (1971) 
adopted the name for volcanic rocks of probable Eocene age 
across the entire Bonaparte Lake map area (Fig. 1). Campbell 
and Tipper (1971) assigned the formation to the Kamloops 
Group, a term applied to Tertiary rocks in the Kamloops area 
by Drysdale (1914) and Cockfi eld (1948), and later redefi ned 
to include only Lower and Middle Eocene rocks (Mathews, 
1964; Ewing, 1981). Before the present study, an early Eocene 
age for the Skull Hill Formation had been confi rmed by only a 
few scattered K-Ar age determinations, including whole rock 
K-Ar dates of 52.1 ±1.8 Ma and 50.9 ±1.8 Ma for two separate 
basalt fl ows north of the Bonaparte River, 74 km south of 
Mount Timothy (Read, 2000), and a K-Ar date of 52.2 ±1.8 Ma 
on biotite separated from a trachyandesite fl ow near Antoine 
Lake, 56 km north-northwest of Mount Timothy (Panteleyev 
et al., 1996). The 50.84 ±0.04 Ma date obtained for the Mount 
Timothy andesite in this study corroborates these K-Ar dates 
and confi rms that the Skull Hill Formation is, at least in part, 
early Eocene.

5. Conclusions
Plagioclase-hornblende-pyroxene-phyric andesite exposed 

on the south and east slopes of Mount Timothy was dated 
with the U-Pb zircon CA-TIMS method and yields a weighted 
mean 206Pb/238U date of 50.84 ±0.04 Ma, interpreted as the 
crystallization age of the andesite. This date confi rms that the 

volcanic succession on Mount Timothy is part of the Skull 
Hill Formation, as proposed by Schiarizza and Bligh (2008). 
It shows that the Skull Hill Formation is, at least in part, early 
Eocene, as also indicated by the few K-Ar dates obtained 
elsewhere in the region.
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Abstract
The Granite Mountain batholith (Late Triassic), host to the Gibraltar porphyry Cu-Mo deposit, is east of the Fraser River between Williams 

Lake and Quesnel. Previously considered part of Cache Creek terrane, the batholith is in a panel of Quesnel terrane rocks that is faulted against 
Cache Creek terrane to the east and south, as established by mapping carried out in 2013 and 2014. Samples collected during this mapping, 
dated using the U-Pb zircon chemical abrasion thermal ionization mass spectrometry method (CA-TIMS), provide crystallization ages for the 
batholith and two adjacent plutonic units. Three samples from the Granite Mountain batholith yield Late Triassic dates of 217.15 ±0.37 Ma 
(Granite Mountain phase leucocratic tonalite), 215.71 ±0.36 Ma (Mine phase tonalite), and 214.98 ±0.38 Ma (quartz-plagioclase porphyry dike 
cutting Mine phase tonalite). The Burgess Creek stock, on the northeast margin of the Granite Mountain batholith, provides dates of 222.71 
±0.39 Ma (tonalite) and 221.25 ±0.39 Ma (quartz diorite), demonstrating that it is also Late Triassic, but several million years older than the 
Granite Mountain batholith. Tonalite from the Sheridan Creek stock, south of the Granite Mountain batholith, returns an Early Cretaceous date of 
108.57 ±0.18 Ma. The Sheridan Creek contains a foliation with the same orientation and characteristics as a prominent foliation in the southern 
part of the Granite Mountain batholith, demonstrating that deformation of both is mid-Cretaceous or younger. 

Keywords: Triassic, Granite Mountain batholith, Burgess Creek stock, Cretaceous, Sheridan Creek stock, Quesnel terrane, U-Pb, zircon,
CA-TIMS

1. Introduction
The Granite Mountain batholith (Late Triassic), host to the 

Gibraltar porphyry Cu-Mo deposit, is on the Fraser Plateau, 
about 18 km east of the Fraser River, in the traditional 
territories of the Secwepemc, Tsilhqot’in, and Lhtako Dené 
First Nations (Fig. 1). Schiarizza (2014, 2015) carried out 
geological mapping of the batholith and surrounding rocks to 
better understand its geologic setting and terrane affi nity. This 
work established that the batholith, previously included in 
Cache Creek terrane, is part of Quesnel terrane, and forms the 
south end of a panel of Quesnel rocks that is in fault contact 
with Cache Creek terrane to the east and south. Supporting 
this mapping we conducted isotopic dating (U-Pb zircon CA-
TIMS method) at the University of British Columbia. Herein 
we present the geochronologic data and age interpretations for 
six samples: three from the Granite Mountain batholith (Late 
Triassic); two from the Burgess Creek stock (Late Triassic); 
and one from the Sheridan Creek stock (Early Cretaceous).

2. Geology of the Granite Mountain area
The Granite Mountain area (Fig. 2) is underlain by a north-

Fig. 1. Location of the Granite Mountain area and the main exposures 
of Quesnel and Cache Creek terranes in British Columbia.

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
23



Fig. 2. Geology of the Granite Mountain area, showing the locations of samples dated in this study. Geology modifi ed from Schiarizza (2015).
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trending belt of rocks assigned to Quesnel terrane, including 
the Nicola Group (Upper Triassic), the Burgess Creek stock 
(Late Triassic), the Granite Mountain batholith (Late Triassic) 
and the Dragon Mountain succession (Lower Jurassic). This 
panel of Quesnel terrane rocks is in fault contact with the 
Cache Creek complex (Cache Creek terrane) to the east, and 
with Early Cretaceous tonalite of the Sheridan Creek stock to 
the south.

The Nicola Group is exposed mainly in the northern part of 
the area, where it is cut by the Burgess Creek stock and, locally, 
the north end of the Granite Mountain batholith. It consists of 
feldspathic volcanic sandstone and gritty to pebbly sandstone, 
with local intercalations of conglomerate, mafi c and felsic 
volcanic breccia, siltstone, limestone and basalt (Schiarizza, 
2014). These rocks are dated at one locality, 4 km north of the 
Gibraltar tailings pond, where a limestone lens intercalated 
with volcanic sandstone yielded a conodont of probable Lower 
Norian age (M.J. Orchard in Schiarizza, 2015). 

Rocks assigned to the Nicola Group also form a narrow belt 
of feldspathic chlorite schists, foliated limestones and skarns 
along the southwest margin of the Granite Mountain batholith 
(Fig. 2). These rocks were included in the Cache Creek complex 
by Drummond et al. (1976), Panteleyev (1978), Bysouth et al. 
(1995), and Ash and Riveros (2001), but Schiarizza (2015) 
inferred a protolith of feldspathic volcaniclastic rocks, mafi c 
volcanic rocks, and limestones that is more likely correlated 
with the Nicola Group. Narrow units of sericite-chlorite-
quartz-plagioclase schist in the northern part of the succession 
may have been derived from quartz diorite dikes related to the 
adjacent Granite Mountain batholith (Schiarizza, 2015).

The Burgess Creek stock intrudes the Nicola Group on the 
northeast margin of the Granite Mountain batholith (Fig. 2). 
It comprises two mappable units (Schiarizza, 2015): a mixed 
unit that includes hornblende-biotite tonalite, hornblende-
biotite quartz diorite, and hornblende diorite; and a tonalite unit 
consisting mainly of leucocratic hornblende-biotite tonalite. 
Panteleyev (1978) and Bysouth et al. (1995) thought that the 
Burgess Creek stock was younger than the Granite Mountain 
batholith, whereas Ash et al. (1999a, b) considered it a border 
phase of the batholith. The U-Pb zircon dates presented here 
show that it is Late Triassic, and several million years older 
than the Granite Mountain batholith.

The Granite Mountain batholith is exposed across an area 
measuring up to 20 km north-south by 10 km east-west. It is 
subdivided into three northwest-trending map units that show a 
trend of decreasing mafi c content and increasing quartz content 
from southwest to northeast (Fig. 2). The Border phase, in the 
south, consists of medium- to coarse-grained quartz diorite, 
diorite and mafi c tonalite. The Mine phase, which hosts 
the orebodies at the Gibraltar mine, is mainly medium- to 
coarse-grained tonalite with 15-25% chloritized mafi c grains 
(mainly or entirely hornblende) and 25-35% quartz. The 
Granite Mountain phase, which forms most of the batholith, is 
predominantly coarse-grained leucocratic tonalite with 5-10% 
mafi c minerals (hornblende and biotite) and 45-55% quartz. 

Fine- to coarse-grained leucotonalite (0-5% mafi c minerals) 
and quartz-plagioclase porphyry occur as dikes in all three 
units. The dikes are commonly a few cm to tens of cm wide, but 
range to several tens of m in the Border phase and Mine phase. 
Contacts between phases of the Granite Mountain batholith 
and adjacent map units are not well exposed, but the Granite 
Mountain phase apparently intrudes the Burgess Creek stock 
and Nicola Group on the northeast margin of the batholith, and 
the Border phase intrudes Nicola rocks along the batholith’s 
southwest margin.

Lower Jurassic sedimentary rocks in the Granite Mountain 
area are assigned to the Dragon Mountain succession (Logan 
and Moynihan, 2009; Schiarizza, 2015). These include a 
small outlier of thin-bedded slate, siltstone, and sandstone 
that overlies the Nicola Group 200 m north of the Burgess 
Creek stock, and a larger, mainly fault-bounded outlier to the 
west, consisting of slate, sandstone, and polymictic pebble 
conglomerate, that in part sits directly above the Granite 
Mountain batholith (Barker and Grubisa, 1994, diamond-drill 
hole 94-3). The succession also includes a northeast-dipping 
panel of polymictic conglomerates and sandstones that overlies 
the Nicola Group near the northern boundary of the area 
(Fig. 2). The conglomerates, here and to the north, include 
pebbles and cobbles of tonalite that are very similar to tonalites 
of the Granite Mountain batholith (Tipper, 1978; Schiarizza, 
2015).

The Cache Creek complex is represented by scattered 
exposures of mainly chert, argillite, slate, limestone, and 
basalt east of the Triassic and Jurassic rocks of Quesnel 
terrane, from which they are separated by an inferred north-
northwest trending fault (Fig. 2). These Cache Creek rocks are 
undated, but a limestone unit 10 km east of the southern part 
of the Granite Mountain batholith has yielded Permian fossils 
(Tipper, 1978).

The Sheridan Creek stock (Early Cretaceous) crops out in 
the southern part of the Granite Mountain area and consists 
mainly of massive to well-foliated medium-grained hornblende 
tonalite. It is in fault contact with the Quesnel terrane rocks to 
the north (Nicola Group and Granite Mountain batholith), and 
apparently intrudes the Cache Creek complex to the south (Ash 
et al., 1999a, b).

Rocks of the Granite Mountain batholith commonly display 
a tectonic foliation that dips at gentle to moderate angles to 
the south, and which shows a general increase in intensity 
from north to south. A foliation with the same orientation and 
characteristics in the Sheridan Creek stock is parallel to a well-
developed schistosity in the narrow belt of Nicola rocks that 
separates the two plutonic units. The foliation in all three of 
these units is locally cut by a crenulation cleavage that strikes 
east-southeast and dips steeply, mainly to the south-southwest, 
and by narrow shear zones of similar orientation (Schiarizza, 
2015). At the Gibraltar mine the foliation (S1) is ascribed to a 
period of deformation (D1) that also produced south-dipping 
top-to-the-north ductile shear zones that host or bound ore 
zones (Mostaghimi, 2016; van Straaten et al., 2020). A south-
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dipping fault is also inferred to form the contact between 
the Nicola Group and the Sheridan Creek stock because the 
foliation in both units becomes progressively stronger, and is 
locally mylonitic, as the contact is approached (Schiarizza, 
2015).

3. Geochronology
Here we present U-Pb zircon isotopic dating results obtained 

by the chemical abrasion thermal ionization mass spectrometry 
method (CA-TIMS) for samples collected from the Granite 
Mountain batholith, the Burgess Creek stock and the Sheridan 
Creek stock (Table 1). Samples were collected in 2013 and 
2014. Soon thereafter sample preparation and analytical 
work was conducted at the Pacifi c Centre for Isotopic and 
Geochemical Research (PCIGR), the Department of Earth, 
Ocean and Atmospheric Sciences, the University of British 
Columbia.

3.1. Analytical procedures
CA-TIMS procedures described here are modifi ed from 

Mundil et al. (2004), Mattinson (2005) and Scoates and 
Friedman (2008). After rock samples underwent standard 
mineral separation procedures, zircons were handpicked 
in alcohol. The clearest, crack- and inclusion-free grains 
were selected, photographed and then annealed in quartz 
glass crucibles at 900°C for 60 hours. Annealed grains were 
transferred into 3.5 mL PFA screwtop beakers, ultrapure HF 
(up to 50% strength, 500 μL) and HNO3 (up to 14 N, 50 μL) 
were added and caps were closed fi nger tight. The beakers 
were placed in 125 mL PTFE liners (up to four per liner) and 
about 2 mL HF and 0.2 mL HNO3, of the same strength as the 
acid in the beakers containing the samples, were added to the 
liners. The liners were then slid into stainless steel Parr™ high-
pressure dissolution devices, which were sealed and brought 
to a maximum of 200°C for 8-16 hours (typically 175°C 
for 12 hours). Beakers were removed from the liners and 
zircon was separated from the leachate. Zircons were rinsed 
with >18 MΩ.m water and subboiled acetone. Then 2 mL of 
subboiled 6N HCl was added and beakers were set on a hotplate 
at 80-130°C for 30 minutes and again rinsed with water and 
acetone. Masses were estimated from the dimensions (volumes) 
of grains. Single grains were transferred into clean 300 μL PFA 
microcapsules (crucibles), and 50 μL 50% HF and 5 μL 14 N 
HNO3 were added. Each was spiked with a 233-235U-205Pb tracer 
solution (EARTHTIME ET535), capped and again placed in a 

Parr liner (8-15 microcapsules per liner). HF and nitric acids, 
in a 10:1 ratio, were added to the liner, which was then placed 
in a Parr high-pressure device and dissolution was achieved 
at 240°C for 40 hours. The resulting solutions were dried on a 
hotplate at 130°C, 50 μL 6N HCl was added to microcapsules 
and fl uorides were dissolved in high-pressure Parr devices for 
12 hours at 210°C. HCl solutions were transferred into clean 
7 mL PFA beakers and dried with 2 μL of 0.5 N H3PO4. Samples 
were loaded onto degassed, zone-refi ned Re fi laments in 2 μL 
of silicic acid emitter (Gerstenberger and Haase, 1997).

Isotopic ratios were measured by a modifi ed single collector 
VG-54R or 354S (with Sector 54 electronics) thermal 
ionization mass spectrometer equipped with analogue Daly 
photomultipliers. Analytical blanks were 0.2 pg for U and 
up to 1 pg for Pb. U fractionation was determined directly 
on individual runs using the EARTHTIME ET535 mixed 
233-235U-205Pb isotopic tracer. Pb isotopic ratios were corrected for 
fractionation of 0.25 ±0.03%/amu, based on replicate analyses 
of NBS-982 reference material and the values recommended 
by Thirlwall (2000). Data reduction employed the Excel-based 
program of Schmitz and Schoene (2007). Standard concordia 
diagrams were constructed and weighted averages calculated 
with Isoplot (Ludwig, 2003). Interpreted ages for all samples 
are based on weighted 206Pb/238U dates reported at the 2 sigma 
confi dence level in the three error, ±X (Y) [Z] format of Schoene 
et al. (2006), where X includes internal errors only, largely 
comprised of analytical (counting statistics), mass fractionation 
and common lead composition uncertainties. The (Y) error 
includes X plus isotopic tracer calibration uncertainty and [Z] 
additionally includes uranium decay constant errors. Isotopic 
dates are calculated with the decay constants λU238=1.55125E-10 
and λU235=9.8485E-10 (Jaffey et al., 1971). EARTHTIME U-Pb 
synthetic solutions were analyzed on an on-going basis to 
monitor the accuracy of results.

3.2. Granite Mountain batholith
Three samples from the Granite Mountain batholith were 

dated: one from the Granite Mountain phase, one from the 
Mine phase, and one from a quartz-feldspar porphyry dike that 
cuts the Mine phase.

3.2.1. Sample 13PSC-128, Granite Mountain phase
Sample 13PSC-128 was collected from the Granite Mountain 

phase near the northeast margin of the batholith, 1.8 km east of 
the Gibraltar mine tailings pond and about 150 m west of the 

Sample Easting Northing Rock Type Unit Age (Ma)
13PSC-128 553132 5824059 leucocratic tonalite Granite Mountain batholith, Granite Mountain phase 217.15 ±0.37
14PSC-387 550105 5815070 tonalite Granite Mountain batholith, Mine phase 215.71 ±0.36
14PSC-381 552439 5813890 quartz-plagioclase porphyry Granite Mountain batholith, dike cutting Mine phase 214.98 ±0.38
13PSC-028 555635 5827248 tonalite Burgess Creek stock, tonalite unit 222.71 ±0.39
13PSC-129 555392 5827019 quartz diorite Burgess Creek stock, mixed unit 221.25 ±0.39
14PSC-374 553598 5812478 tonalite Sheridan Creek stock 108.57 ±0.18

Table 1. Summary of samples dated in this study. Locations given by Easting and Northing for UTM Zone 10, NAD 83.
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(unexposed) contact with the Burgess Creek stock (Fig. 2). It 
is a coarse-grained equigranular tonalite consisting of subequal 
proportions of plagioclase and quartz, and less than 10% 
chloritized mafi c grains (Fig. 3). Three of the four zircon grains 
analyzed (Table 2) are mutually overlapping on concordia, 
with a weighted mean 206Pb/238U date of 217.15 ±0.20 (0.29) 
[0.37] Ma (MSWD=0.45), interpreted as the crystallization age 
of the tonalite at this locality (Fig. 4). The fourth grain plots 
slightly below concordia near 215 Ma, possibly due to minor 
Pb loss.

Three of four zircon grains analyzed from sample 14PSC-381 
are mutually overlapping on concordia and yield a weighted 
mean 206Pb/238U date of 214.98 ±0.22 (0.30) [0.38] Ma 
(MSWD=0.28), interpreted as the crystallization age of the 
dike (Table 2, Fig. 4). The fourth grain yields an older 206Pb/238U 
date of 220.44 ±0.93 Ma and may include an inherited zircon 
component.

3.3. Burgess Creek stock
Two samples from the Burgess Creek stock were dated: a 

tonalite from the tonalite unit, and a quartz diorite from the 
mixed unit.

3.3.1. Sample 13PSC-28, tonalite unit
Sample 13PSC-28 was collected from the tonalite unit along 

the northern margin of the Burgess Creek stock, 900 m west of 
the fault inferred to mark the eastern limit of Quesnel terrane 
(Fig. 2). It is a medium-grained equigranular tonalite estimated 
to contain 10% mafi c minerals (hornblende>biotite), 35% 
quartz, and 55% plagioclase (Fig. 7). Three of six zircon grains 
analyzed from sample 13PSC-28 are mutually overlapping 
on concordia and yield a weighted mean 206Pb/238U date of 
222.71 ±0.22 (0.31) [0.39] Ma (MSWD=1.5), interpreted as 
the crystallization age of the tonalite at this locality (Table 3, 
Fig. 8). Two other grains overlap concordia at slightly 
younger ages (206Pb/238U dates of 221.84 ±0.33 Ma and 220.51 
±0.44 Ma), and the sixth grain plots below concordia near 
209.5 Ma, probably due to Pb loss.

3.3.2. Sample 13PSC-129, mixed unit
Sample 13PSC-129 was collected from the mixed unit 

in the northeastern part of the Burgess Creek stock, 350 m 
southwest of sample site 13PSC-28 (Fig. 2). It is a coarse-
grained quartz diorite (Fig. 9) with 30-35% mafi c minerals 
(hornblende>biotite>magnetite). The fi ve zircon grains 
analyzed form a cluster on or very near concordia, with 
206Pb/238U dates ranging from 221.06 ±0.45 Ma to 221.93 
±0.31 Ma (Table 3, Fig. 8). The three youngest grains, mutually 
overlapping on concordia, yield a weighted mean 206Pb/238U date 
of 221.25 ±0.20 (0.30) [0.39] Ma (MSWD=0.60), interpreted 
as the crystallization age of the quartz diorite.

3.4. Sheridan Creek stock, Sample 14PSC-374
Sample 14PSC-374 was collected from the northeastern part 

of the Sheridan Creek stock, about 1 km east of its fault contact 
with the Granite Mountain batholith (Fig. 2). It is a medium-
grained, equigranular, weakly to moderately foliated tonalite 
with 20% mafi c grains (hornblende>biotite), 30% quartz, and 
50% plagioclase (Fig. 10). Five zircon grains were analyzed, 
all of which fall on concordia, with 206Pb/238U dates ranging 
from 108.43 ±0.22 Ma to 108.95 ±0.16 Ma (Table 3, Fig. 8). 
The four youngest grains form a very tight overlapping cluster 
that yields a weighted mean 206Pb/238U date of 108.57 ±0.09 
(0.14) [0.18] Ma (MSWD=1.0), interpreted as the best estimate 
of the crystallization age.

Fig. 3. Leucocratic quartz-rich tonalite, Granite Mountain phase of the 
Granite Mountain batholith, sample site 13PSC-128.

3.2.2. Sample 14PSC-387, Mine phase
Sample 14PSC-387 was collected from the Mine phase about 

2 km south of the Gibraltar mine pits (Fig. 2). It is a coarse-
grained, moderately foliated tonalite containing 15-20% 
chloritized mafi c grains, 30-35% quartz, and 50% saussuritic 
plagioclase (Fig. 5). Five zircon grains were analyzed. Three are 
mutually overlapping on concordia and yield a weighted mean 
206Pb/238U date of 215.71 ±0.17 (0.27) [0.36] Ma (MSWD=1.2), 
interpreted as the best estimate of the crystallization age of this 
tonalite (Table 2, Fig. 4). The other two grains give slightly 
older 206Pb/238U results (216.56 and 217.17 Ma) and may 
include inherited zircon components.

3.2.3. Sample 14PSC-381, quartz-feldspar porphyry dike
Sample 14PSC-381 is from the southeastern part of the 

Granite Mountain batholith, about 900 m west of the fault 
contact with the Sheridan Creek stock (Fig. 2). Here, a quartz-
feldspar porphyry dike, 10-20 m wide, cuts Mine phase tonalite 
and was traced for 80 m along a west-northwest trend (contacts 
not exposed). The sample, representative of most of the dike, 
comprises 30% quartz and plagioclase phenocrysts (2-8 mm) 
in a fi ne-grained crystalline groundmass consisting of quartz, 
plagioclase, and minor amounts of chloritized hornblende. 
Locally however, the dike is highly strained and the groundmass 
has been converted to quartz-plagioclase-sericite schist (Fig. 6). 
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Fig. 6. Foliated quartz-feldspar porphyry, from high-strain zone in 
dike cutting Mine phase tonalite, near sample site 14PSC-381.

Fig. 5. Foliated tonalite, Mine phase of the Granite Mountain batholith, 
sample site 14PSC-387.

4. Discussion
Samples dated in this study provide Late Triassic crystallization 

ages for parts of the Burgess Creek stock and Granite Mountain 
batholith. The dates from the Burgess Creek stock (222.71 
±0.39 Ma and 221.25 ±0.39 Ma) are the only isotopic dates 
available for this unit and demonstrate that it is, at least in part, 
several million years older than the oldest dated rocks in the 
Granite Mountain batholith. The three dates from the Granite 

Mountain batholith (217.15 ±0.37 Ma, 215.71 ±0.36 Ma, and 
214.98 ±0.38 Ma) demonstrate magmatic crystallization over a 
~3 million-year period. A number of previously reported U-Pb 
zircon dates from the Granite Mountain batholith fall within this 
same time window, including: 1) a U-Pb zircon CA-TIMS date 
of 216.17 ±0.39 Ma reported by Mostaghimi (2016) for Mine 
phase tonalite from the Gibraltar mine; 2) a 215 ±0.8 Ma U-Pb 
zircon date reported by Ash and Riveros (2001), from a Granite 
Mountain phase sample collected 1.5 km north-northeast of the 
Gibraltar mill (Ash et al., 1999a); and 3) U-Pb zircon LA-ICP-
MS dates of 211.9 ±4.3 Ma (Mine phase) and 209.6 ±6.3 Ma 
(Granite Mountain phase) reported by Oliver et al. (2009) for 
samples from the Gibraltar mine. However, younger intrusive 
rocks in the batholith are indicated by a recent study that 
included U-Pb zircon LA-ICP-MS dating of six samples, all 
mapped as Mine phase tonalite, from the Gibraltar mine area 
(Kobylinski et al., 2018). Two of the dates (218.9 ±3.1 Ma and 
213.2 ±2.4 Ma) are within error of previous dates, but the other 
four, ranging from 201.9 ±5.0 Ma to 206.8 ±4.0 Ma, document 
a younger, latest Triassic, intrusive phase.

The Granite Mountain batholith and Burgess Creek stock are 
included in Quesnel terrane because they intrude Triassic rocks 
of the Nicola Group, the most widespread component of the 
terrane. They are inferred to be part of a belt of Late Triassic 
calcalkaline plutons that is restricted to the western part of 
Quesnel terrane in southern British Columbia (Schiarizza, 
2014), although this belt is not exposed between the Granite 
Mountain area and Ashcroft, mainly due to extensive Neogene 
and Quaternary cover. The belt is best represented by Late 
Triassic granitic to tonalitic plutons between Ashcroft and 
Princeton (Fig. 1), including the Guichon Creek batholith (211-
207 Ma, D’Angelo et al., 2017), the Allison pluton (223 Ma, 
Mihalynuk et al., 2016), and the Coldwater pluton (210 Ma, 
Mihalynuk et al., 2016).

The 108.57 ±0.18 Ma date for the Sheridan Creek stock 
demonstrates that the deformation that produced the foliations 

Fig. 7. Hornblende-biotite tonalite, tonalite unit of the Burgess Creek 
stock, sample site 13PSC-28.
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Fig. 8. Concordia plots and 206Pb/238U weighted mean age diagrams for samples from the Burgess Creek stock and Sheridan Creek stock. Green 
ellipses are zircons used for the 206Pb/238U weighted mean calculation. Yellow are zircons that may have inherited components; red are zircons 
with lead loss.
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common to the Sheridan Creek stock, Nicola Group, and 
Granite Mountain batholith was mid-Cretaceous or younger. 
Based on the orientations of structures, and 40Ar-39Ar dates 
ranging from 54 to 36 Ma on white mica from fault zones at the 
Gibraltar mine, Mostaghimi (2016) linked development of the 
foliation and related north-directed thrust faults to northwest-
striking Eocene dextral strike-slip faults. These structures 
were then offset by, and rotated between, faults related to 
the younger north-striking Fraser fault system. A northwest-
striking fault mapped by Ash et al. (1999a, b) to the south of 
the Granite Mountain batholith (Fig. 11, fault PFE) may be the 
specifi c structure to which the south-dipping foliations and 

contractional faults are linked, and this fault may be a southern 
extension (offset by the Fraser fault system) of the Pinchi fault, 
which extends 400 km northwest from Quesnel, marking the 
contact between Cache Creek and Quesnel terranes for most of 
this length (Struik et al., 2001; Gabrielse et al., 2006).

The panel of Quesnel terrane rocks that includes the Granite 
Mountain batholith is juxtaposed against Cache Creek terrane 
to the east across an unexposed northerly trending fault (Figs. 2, 
11). Schiarizza (2015) suggested that this fault might record 
mid-Cretaceous sinistral strike-slip movement. An alternative 
explanation is that the fault is an Eocene east-side-down 
normal fault that accommodated uplift of the Granite Mountain 
batholith and associated rocks as they were being deformed 
along the Pinchi and/or Fraser fault systems. This would imply 
that the Cache Creek rocks to the east and southeast of the 

Fig. 9. Hornblende-biotite quartz diorite, mixed unit of the Burgess 
Creek stock, near sample site 13PSC-129. Leucotonalite veins and 
epidote-altered fractures, such as those in this photo, were avoided 
during sampling.

Fig. 10. Weakly foliated hornblende-biotite tonalite, Sheridan Creek 
stock, sample site 14PSC-374.

Fig. 11. Map of selected geologic units and structures in the Williams 
Lake-Quesnel area, showing location of the Granite Mountain 
batholith with respect to known and inferred dextral strike-slip faults. 
Geology from Cui et al. (2017). FF-Fraser fault; PF-Pinchi fault; PFE-
inferred Pinchi fault extension; QRF-Quesnel River fault.
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Granite Mountain batholith form a relatively thin thrust sheet 
that overlies the western part of Quesnel terrane (Fig. 11), 
including the belt of Late Triassic calcalkaline plutons.

5. Summary
Samples collected during mapping of the Granite Mountain 

area in 2013 and 2014 were dated using the U-Pb zircon chemical 
abrasion thermal ionization mass spectrometry method (CA-
TIMS), providing crystallization ages for the Granite Mountain 
batholith, the Burgess Creek stock, and the Sheridan Creek 
stock. Leucocratic tonalite from the Granite Mountain phase 
of the batholith yields a Late Triassic date of 217.15 ±0.37 Ma; 
Mine phase tonalite is dated at 215.71 ±0.36 Ma; and a quartz-
plagioclase porphyry dike cutting Mine phase tonalite is 214.98 
±0.38 Ma. The Burgess Creek stock, on the northeast margin 
of the batholith, is also Late Triassic, but several million years 
older than the Granite Mountain batholith. A tonalite sample 
from the stock yields a date of 222.71 ±0.39 Ma, and a sample 
of quartz diorite is dated at 221.25 ±0.39 Ma. The Sheridan 
Creek stock, south of the Granite Mountain batholith, is Early 
Cretaceous, based on a date of 108.57 ±0.18 Ma obtained from 
a tonalite sample collected from the stock.
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Abstract
New and previously unpublished geochronological data that complement bedrock mapping and geochemical studies in northern Hogem 

batholith indicate punctuated emplacement of four distinct intrusive suites during a protracted (ca. 80 Ma) interval, from 207 to 128 Ma. U-Pb 
crystallization ages include new zircon (by LA-ICP-MS), previously unpublished legacy zircon and titanite (by ID-TIMS), and published 
zircon (by CA-TIMS). Amphibole, biotite, and muscovite 40Ar/39Ar step-heating results provide magmatic cooling ages and post-deformation 
cooling ages. The Thane Creek suite, composed of mostly metaluminous diorite to quartz monzodiorite with lesser hornblendite, intruded host 
Nicola Group strata between 207 and 194 Ma. The Duckling Creek suite consists of alkaline biotite clinopyroxenite and syenite that intruded 
the Thane Creek suite between 182 and 175 Ma. The Osilinka suite, represented by a weakly peraluminous leucocratic granite body, yielded 
a maximum emplacement age of ca. 160 Ma. The Mesilinka suite consists of metaluminous tonalite and weakly peraluminous granodiorite to 
granite, with interpreted crystallization ages ranging from 135 to 128 Ma.  Bedrock mapping and geochronologic results from this study indicate 
that northern Hogem batholith contains prospective rocks comparable to those that host the Lorraine and other deposits south of the present 
study area. The Hogem batholith is relatively unique in the Canadian Cordillera because it contains a remarkable evolution of punctuated Upper 
Triassic to Lower Cretaceous intrusive suites that are compositionally and chemically diverse. A new discovery is that the Mesilinka suite (Lower 
Cretaceous) intruded during a Cordilleran-wide magmatic lull. 

Keywords: Hogem batholith, Quesnel terrane, Stikine terrane, geochemistry, U-Pb zircon crystallization ages, CA-TIMS, ID-TIMS, LA-ICP-
MS

1. Introduction
In 2018, the British Columbia Geological Survey initiated 

a three-year mapping project in the Omineca Mountains of 
north-central British Columbia (Figs. 1, 2; Ootes et al., 2019, 
2020a-c). The project aims to better understand the bedrock 
and surfi cial geology and associated base- and precious-metal 
mineralization in the northern part of Hogem batholith and 
surroundings, through detailed 1:50,000-scale mapping and 
geochemical studies (Fig. 2; Ootes et al., 2020a). Herein we 
summarize the results of new U-Pb zircon, legacy U-Pb zircon 
and titanite, and 40Ar/39Ar biotite, hornblende, and muscovite 
geochronology for northern Hogem batholith. Full details, 
including locations, data tables, zircon descriptions, and 
cathodoluminescence (CL) imagery are presented in Ootes et 
al. (2020c).

2. Geologic setting and previous work
2.1. Geology

In Quesnel terrane, Hogem batholith is bounded to the north 

and east by volcanic and sedimentary rocks of the Nicola 
Group (Triassic) along fault and intrusive contacts (Fig. 1). To 
the west, the batholith and Nicola Group are juxtaposed against 
Cache Creek and Stikine terranes across the Pinchi-Ingenika 
dextral strike-slip fault system (Figs. 1, 2). 

Hogem batholith is subdivided into four petrologically 
distinct intrusive units; from oldest to youngest these are the 
Thane Creek, Duckling Creek, Osilinka, and Mesilinka suites 
(Figs. 3, 4; Woodsworth, 1976; Schiarizza and Tan, 2005a, 
b; Devine et al., 2014; Ootes et al., 2019, 2020a-c). Full unit 
descriptions can be found in Ootes et al. (2019) and supporting 
geochemical data are in Ootes et al. (2020c). The intrusive 
suites span a range of compositions from ultramafi c to highly 
silicic (SiO2=34.3-77.0 wt.%, on LOI-free anhydrous basis; 
Figs. 3, 4). In general, the metaluminous (Fig. 4) Thane Creek 
suite contains relatively small pockets (<0.01 km2) of coarse-
grained hornblendite that was intruded and co-mingled with 
medium-grained diorite to quartz monzodiorite (Fig. 3). The 
suite ranges from undeformed to strongly deformed, including 
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local zones of mylonite. The Duckling Creek suite includes 
older biotite clinopyroxenite that is intruded by two-feldspar-
bearing syenite, commonly with K-feldspar phenocrysts and 
local magmatic layering. In the north, the suite is weakly 
deformed (Ootes et al., 2019, 2020a, b), whereas in the Lorraine 
area to the south it is moderately to strongly deformed (e.g., 
Devine et al., 2014). Duckling Creek rocks are metaluminous 
and mildly silica undersaturated; the more felsic samples plot 
on the feldspathoid side of the QAP diagram (Fig. 3). Based on 
lower Al2O3 and higher CaO at given SiO2, the ultramafi c rocks 
of the Duckling Creek suite are readily distinguished from the 
Thane Creek suite hornblendites (Fig. 4).

The Osilinka suite is a leucocratic medium-grained 
equigranular granite (Fig. 3), typically with less than 5% 
mafi c minerals. The Osilinka suite is weakly peraluminous 
(Fig. 4). The intrusive rocks are deformed and although fabric 
development is cryptic in the granitic rocks, mafi c dikes in the 
Osilinka suite locally contain shear fabrics (Ootes et al., 2019). 

The Mesilinka suite contains at least four intrusive phases. The 
oldest (tonalite and granodiorite) are intruded by equigranular 
granite and K-feldspar porphyritic granite (Fig. 3). The suite 
ranges from weakly metaluminous (tonalites) to peraluminous 
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Fig. 4. Geochemical classifi cation of plutonic suites of the Hogem 
batholith, including previously published analyses of Duckling Creek 
suite (Nixon and Peatfi eld, 2003). a) Aluminum saturation index 
(ASI=molar Al2O3/(CaO-1.67 P2O5+Na2O+K2O; Shand, 1943) vs. SiO2 
(wt.%). b) Mg-number (molar MgO/(MgO+FeOTOT) vs. SiO2 (wt.%). 
Magnesian and ferroan intermediate to felsic rocks are separated by 
the dashed line from Frost and Frost (2008). Shown for reference are 
the estimated compositions of lower (LCC), middle (MCC), upper 
(UCC) and bulk (BCC) continental crust (Rudnick and Gao, 2003).
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(granite to granodiorite; Fig. 4). All the intrusive phases in 
the Mesilinka suite have a tectonic foliation that is defi ned by 
aligned biotite (Ootes et al., 2019, 2020a, b).

 
2.2. Previous work

Northern Hogem batholith (north of 56°N) was mapped by 
Armstrong (1946), Lord (1948, 1949), Armstrong and Roots 
(1948, 1954), Roots (1954), Irvine (1976), and Woodsworth 
(1976). Mapping by Ferri et al. (2001a, b), in areas to the east 
and northeast, focussed on the Takla Group in Quesnel terrane 
(referred to as the Nicola Group in this study; see discussion in 
Ootes et al., 2020b) and left Hogem batholith largely undivided. 
Schiarizza and Tan (2005a, b) mapped north of the study area 
and reported preliminary isotopic ages for plutonic rocks at the 
northern tip of Hogem batholith. Southern Hogem batholith 
(south of 56°N) was mapped and subdivided by Garnett (1972, 
1978). Bath et al. (2014) and Devine et al. (2014) studied the 
Lorraine porphyry Cu-Au deposit southeast of the study area, 
providing isotopic ages for mineralization and host rocks. 
Nixon and Peatfi eld (2003) described rock types and presented 
geochemical data from the Lorraine deposit area. CGG Canada 
Services Ltd. (2018) presented the results of an airborne 
geophysical survey extending across much of the study area 
that includes both radiometric (K, U, Th) and magnetic data. 

3. Methods
3.1. U-Pb geochronology

Samples collected in 2018 and 2019 were analyzed using 
laser ablation-inductively coupled plasma-mass spectrometry 
(LA-ICP-MS); samples collected in 2004 were analyzed using 
thermal ionization mass spectrometer (ID-TIMS). Table 1 
summarizes the samples analyzed and preliminary results; the 
full analytical techniques and supporting data are in Ootes et 
al. (2020c).

3.1.1. LA-ICP-MS
We collected unaltered rock samples weighing 5-10 kg 

for geochronology. Sample preparation and analysis were 
completed at the Canadian Centre for Isotopic Microanalysis 
(CCIM), University of Alberta. Approximately 1-2 kg of 
sample was cut, then disaggregated using the SELFRAG 
laboratory electronic pulse disaggregation system to yield 
high-quality mineral separates. Zircon separates were set 
in epoxy mounts and polished to expose grain mid-sections. 
Back-scattered electron (BSE), cathodoluminescence (CL), 
and secondary electron (SE) images of the zircon crystals (see 
Ootes et al., 2020c) were obtained using a Zeiss EVO MA15 
scanning electron microscope at CCIM. These images were 
used to select spots for laser ablation U-Pb isotope analysis.

Zircon U-Pb isotope data were collected using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) 
with a RESOlution 193 nm ArF excimer laser, equipped with 
a 2-volume Laurin-Technic S-155 ablation cell, and a Thermo 
Scientifi c Element-XR mass spectrometer. A subset of the 
zircon U-Pb data were collected using the laser ablation split-

stream (LASS)-ICP-MS method (e.g., Fisher et al., 2014) to 
simultaneously analyze U-Pb and Lu-Hf (Jones et al., 2021). 
All LA-ICP-MS data were reduced using Iolite software 
(Paton et al., 2010; Paton et al., 2011; Fisher et al., 2017). 
Trace element concentrations of most zircon crystals were 
determined during a separate analytical run in single stream or 
in LASS mode along with Lu-Hf (Jones et al., 2021). Not all 
zircon was analyzed for trace elements because of zircon grain 
size limitations.

After reduction, the data were fi ltered using trace element 
concentrations. Zircons with concentrations of Ca >300 ppm, 
Fe >300 ppm, Ti >20 ppm, and La >1 ppm were not considered 
in age calculations, because they may contain altered domains, 
or domains with mineral inclusions, which will affect the 
interpreted age of the sample. Zircon grains with signifi cant 
common Pb were also fi ltered by rejecting data with f206Pbc 
values >1% (e.g., Vezinet et al., 2018; Ootes et al., 2020c). 
Zircon grains with >10% discordance, determined using the 
206Pb/238U and 207Pb/235U ages, were also rejected. In addition 
to fi ltering the U-Pb data, the internal structures of zircon 
were examined using CL and BSE images. Xenocrystic or 
antecrystic cores were identifi ed by the degree of roundness 
and crosscutting growth zones, and these grains were not used 
in calculating sample ages. After data fi ltering, individual 
zircon 206Pb/238U ages were used to calculate a weighted mean 
206Pb/238U age for each sample using IsoplotR (Vermeesch, 
2018). All U-Pb data are reported at the 2σ (95.5%) confi dence 
level. 

Several samples yielded a spread in the 206Pb/238U age data 
that is higher than a statistically reasonable mean squared 
weighted deviation (MSWD) of the weighted mean. Zircon in 
these samples were interpreted to be of the sample population, 
having passed the data reduction and fi ltering methods outlined 
above, so the spread in the zircon data was attributed to 
natural isotopic variation between crystals (geological scatter; 
Vermeesch, 2018). To reduce the spread in the data and lower 
the MSWD, an excess scatter constant (over-dispersion) was 
determined for each sample and added to the standard error of 
the individual analyses (Vermeesch, 2018; see sample 18lo25-
2a (section 4.2.1.) for an example of fi ltering method results). 
After using excess scatter, the weighted mean 206Pb/238U dates 
overlapped the concordia and non-processed weighted mean 
206Pb/238U dates, but with a reasonable MSWD. The robustness 
of these weighted mean 206Pb/238U dates is shown by arbitrarily 
rejecting the youngest and oldest zircon dates in the sample 
to lower the MSWD, which yields a weighted mean 206Pb/238U 
age that overlaps with the excessive scatter weighted mean 
206Pb/238U age (e.g., see sample 18lo25-2a, Fig. 7e, section 
4.2.1.). 

3.1.2. Legacy ID-TIMS
Samples collected in 2004 were processed and analyzed 

soon thereafter at the Pacifi c Centre for Isotopic and 
Geochemical Research (PCIGR) at the University of British 
Columbia. Zircon and titanite were separated from samples 
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using conventional crushing, grinding, and Wilfl ey table 
techniques, followed by fi nal concentration using heavy 
liquids and magnetic separations, then air-abrasion. Following 
dissolution of multi-grain zircon and titanite fractions in the 
presence of a 233-235U-205Pb tracer, isotopic ratios were measured 
using a modifi ed single collector VG-54R therma l ionization 
mass spectrometer (TIMS) equipped with an analogue Daly 
photomultiplier. In 2020, these legacy raw data were re-reduced 
using the Excel-based program of Schmitz and Schoene (2007). 
Standard concordia diagrams were constructed, and weighted 
averages calculated with Isoplot (Ludwig, 2003). All errors are 
quoted at the 2σ or 95% level of confi dence.

3.2. Ar-Ar laser step-heating
This study presents 40Ar/39Ar laser step-heating ages for 

single hornblende, muscovite, and biotite crystals. Samples 
were prepared at the British Columbia Geological Survey where 
they were crushed and sieved to between 100 and 250 mm and 
run through a Frantz magnetic separator after which single 
crystals were handpicked under a binocular microscope. Full 
analytical techniques and supporting data are in Ootes et al. 
(2020c). Three of the biotite 40Ar/39Ar laser step-heating results 
were also reported in Ootes et al. (2020b).

All 40Ar/39Ar analytical work was performed at the 
University of Manitoba using a multi-collector Thermo Fisher 
Scientifi c ARGUSVI mass spectrometer linked to a stainless 
steel Thermo Fisher Scientifi c extraction/purifi cation line and 
Photon Machines (55 W) Fusions 10.6 CO2 laser. All specimens 
were irradiated in the cadmium-lined, in-core CLICIT facility 
of the Oregon State University TRIGA reactor. The duration 
of irradiation was 70 hours and was conducted with the Fish 
Canyon sanidine (28.201 Ma; Kuiper et al., 2008). Irradiated 
samples were placed in a Cu sample tray, with a KBr cover 
slip, in a stainless steel high-vacuum extraction line and baked 
with an infrared lamp for 24 hours. Single crystals were either 
fused or step heated using the laser, and reactive gases were 
removed after ~3 minutes by three NP-10 SAES getters (two 
at room temperature and one at 450°C) before being admitted 
to an ARGUSVI mass spectrometer by expansion. Five argon 
isotopes were measured simultaneously during a period of 6 
minutes. Measured isotope abundances were corrected for 
extraction-line blanks, which were determined before every 
sample analysis. Each of the resulting steps have relatively 
small errors, and the integrated ages were calculated from 
the average and uncertainty by standard deviation of the best 
analysis.

4. Results
4.1. Thane Creek suite 
4.1.1. Thane Creek quartz diorite: 19GJ12-4, U-Pb zircon, 
206.6 ±0.9 Ma

The sample was taken 17.9 km east-northeast of Notch Peak 
(Fig. 2). It is a  white and black, medium-grained, equigranular 
quartz diorite, and is composed of mostly plagioclase (~62%), 
with about 25% equal parts of green amphiboles, with corroded 

clinopyroxene cores, and brown (metamorphic?) and green 
biotite. The sample contains minor quartz (~6%) and alkali 
feldspar (~7%), with accessory magnetite, apatite, titanite, and 
epidote. Titanite occurs as rims on magnetite grains. Trace fi ne-
grained chalcopyrite is disseminated and occurs as inclusions 
in magnetite. 

After analysis and data reduction, two zircons were fi ltered 
out for exceeding Ca >300 ppm and Ti >20 ppm, and one zircon 
was rejected for f206PbC >1%. Ten remaining analyses yield a 
weighted mean 206Pb/238U date of 206.6 ±0.9 Ma (MSWD=1.77; 
probability of fi t=0.07). This weighted mean is interpreted as 
the best estimate for the crystallization age (Figs. 5a, b).

4.1.2. Thane Creek hornblendite: 18lo22-1a, U-Pb zircon, 
CA-TIMS: 197.6 ±0.1 Ma; LA-ICPMS: 191.4 ±0.7 Ma

The sample  was taken 18.6 km south-southeast of Mount 
Ferris (Fig. 2). It is a coa rse-grained to pegmatitic plagioclase-
bearing hornblendite. Pegmatitic white hornblende-
plagioclase segregations are interstitial to predominantly green 
hornblendite. Hornblende is commonly overgrown by brown or 
green biotite, with biotite making up ~10% of the sample. The 
sample contains ~5% magnetite that is interstitial to amphibole 
and is concentrated with accessory titanite and apatite. Coarse, 
subhedral accessory epidote occurs in pegmatitic plagioclase 
segregations. Trace fi ne-grained chalcopyrite is disseminated 
through the sample. 

Ootes et al. (2020b, c) report a 197.6 ±0.1 Ma zircon 
crystallization age, determined by chemical abrasion CA-TIMS 
(Fig. 5c). For LA-ICPMS, nine analyses were rejected for 
exceeding f206Pbc >1%. Thirty-three remaining zircons yield a 
206Pb/238U weighted mean date of 191.4 ±0.7 Ma (MSWD=0.87; 
probability of fi t=0.68) (Figs. 5c, d). The discrepancy between 
the LA-ICP-MS weighted mean 206Pb/238U date and the 
reported CA-TIMS 206Pb/238U date (197.6 ±0.1 Ma) may be due 
to differences in the calibration techniques between the LA-
ICP-MS and CA-TIMS methods. Although we consider both 
the LA-ICP-MS and CA-TIMS U-Pb dates of the hornblendite 
valid, the CA-TIMS date (197.6 ±0.1 Ma) is interpreted to be 
more accurate and the best estimate of the crystallization age.

4.1.3. Thane Creek diorite: 18lo22-1d, 40Ar/39Ar hornblende, 
biotite, 126-124 Ma

This sample is from 18.6 km south-southeast of Mount 
Ferris, 100 m east of the hornblendite sample (18lo22-1a; 
section 4.1.2., Fig. 2). It is a ‘salt a nd pepper’, medium-
grained equigranular diorite. The rock contains  a moderate 
foliation defi ned by plagioclase, biotite, and amphibole. The 
sample is mostly clay-altered plagioclase (65%), biotite (12%), 
and amphibole (6%). Minor altered alkali feldspar (7%) and 
quartz (1-2%) are present, interstitial to plagioclase. Accessory 
anhedral to subhedral, fi ne-grained epidote, apatite, magnetite, 
and zircon occur with biotite. Trace fi ne-grained chalcopyrite is 
disseminated through the sample. Ootes et al. (2020b, c) report 
a 196.6 ±0.9 Ma zircon crystallization age, determined by CA-
TIMS.
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Fig. 5. Results of Thane Creek suite zircon U-Pb LA-ICP-MS analysis. Data used for weighted mean calculations have been fi ltered using the 
methods outlined in section 3.1.1. and Ootes et al. (2020c). Grey ellipses in concordia plots represent data that have been fi ltered and were not 
included in age calculations. Uncertainties are reported at the 2σ or 95.5% confi dence level. a) Concordia plot of quartz diorite sample 19GJ12-
4. b) Weighted mean 206Pb/238U date, interpreted as the crystallization age, of quartz diorite sample 19GJ12-4. c) Concordia plot of hornblendite 
sample 18lo22-1a. Also plotted are CA-TIMS results (Ootes et al., 2020b, c). d) Weighted mean 206Pb/238U date of hornblendite sample 18lo22-
1a. e) Concordia plot of quartz monzodiorite sample 19GJ13-3. f) Weighted mean 206Pb/238U date of quartz monzodiorite sample 19GJ13-3, after 
applying excessive scatter constant (section 3.1.1.). Colourless bars passed the data fi lters outlined in section 3.1.1. but were not included in the 
weighted mean calculation due to the younger skew of these points, possibly indicating undetected Pb-loss in the zircon grains.
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Two aliquots each of hornblende and biotite were analyzed 
by ICP-MS via laser step-heating. For biotite-aliquot 1, seven 
steps (C-I) released 99.98% 39Ar and yield an integrated 
40Ar/39Ar age of 126 ±2 Ma (Fig. 6a). For biotite-aliquot 2, 
six steps (D-I) released 80.23% 39Ar and yield an integrated 
40Ar/39Ar age of 124 ±1 Ma (Fig. 6b). For hornblende-aliquot 
1, six steps (C-H) released 99.82% 39Ar and yield an integrated 
40Ar/39Ar age of 124 ±2 Ma (Fig. 6c). For hornblende-aliquot 
2, ten steps (C-L) released 99.01% 39Ar and yield an integrated 
40Ar/39Ar age of 124 ±1 Ma (Fig. 6d).

4.1.4. Thane Creek monzodiorite: 19GJ13-3, U-Pb zircon, 
194.0 ±1.1 Ma

This sample is from 25.9 km southeast of Notch Peak 
(Fig. 2). The sample is a ‘salt a nd pepper’, fi ne- to medium-
grained, equigranular quartz monzodiorite, composed of ~40% 
euhedral plagioclase, ~30% poikilitic alkali feldspar, and ~15% 
anhedral, strained quartz. Mafi c minerals make up ~10% of the 
sample, mainly subhedral amphibole (8%) with lesser biotite 
(2%). Anhedral magnetite and titanite, and euhedral apatite and 
zircon are accessory. Titanite occurs as ~1 mm grains and as 
fi ne rims on magnetite.

After LA-ICP-MS analyses, six zircons were rejected for 
f206PbC >1%, two zircons were rejected for >5% discordance. 
All remaining zircon passed the trace element fi lters, and no 
xenocrystic or antecrystic grains or cores were identifi ed. An 
excess scatter constant of 3.99 was added to the standard error 
of the fi ltered data points to decrease the MSWD of weighted 
mean 206Pb/238U date. The youngest two analyses were then 
rejected in order to further reduce the scatter, as they may 
indicate undetected Pb-loss. Forty remaining analyses yield a 
weighted mean 206Pb/238U date of 194.0 ±1.1 Ma (MSWD=1.23; 
probability of fi t=0.16). This weighted mean is interpreted as 
the best estimate for the crystallization age (Figs. 5e, f). 

4.1.5. Thane Creek monzodiorite: 18lo26-1, 40Ar/39Ar 
hornblende, 202  ±5 Ma

The sample site is 23.2 km southeast of Notch Peak and 
3.69 km north of sample 19GJ13-3 (section 4.1.4.; Fig. 2). This 
sample is of relatively pristine (unaltered) monzodiorite with 
euhedral hornblende and accessory euhedral magnetite and 
titanite. The sample yielded hornblende and eight steps (E-L) 
released 84.07% 39Ar and yield an integrated 40Ar/39Ar age of 
202 ±5 Ma (Fig. 6e).

4.2. Duckling Creek suite 
4.2.1. Duckling Creek syenite: 18lo25-2a, U-Pb zircon, 
178.9 ±1.3 Ma 

Collected 22.7 km southeast of Notch Peak (Fig. 2), the 
sample is a pink-white, m edium-grained, equigranular syenite. 
The sample consists of ~90% two alkali feldspars (K- and Na-
bearing), with lesser clinopyroxene (~5%). Magnetite, titanite, 
chlorite, and zircon are accessory minerals. Titanite forms 
~1 mm wide euhedral, wedge-shaped grains intergrown with 
clinopyroxene.

Two types of zircon were identifi ed during mineral picking. 
The fi rst type (18lo25-2a z1) are clear-pink coloured zircon 
fragments between 100 to 200 mm. The second type (18lo25-
2a z2) are larger grains (300 to 400 mm) that are brown with 
good crystal habit but with cores that are commonly metamict 
or highly fractured (see zircon CL images; Ootes et al., 2020c). 
Only type one zircons (z1) were considered in the U-Pb age 
interpretation as none of type two zircon (z2) LA-ICP-MS data 
passed the fi lters. Fourteen z1 and z2 zircons were rejected for 
>10% discordance, four zircons were rejected for exceeding 
Fe >300 ppm and/or Ca >300 ppm and La >1 ppm. One 
zircon was rejected for excessive standard error of Ca, and 
two zircons were rejected for high U and internal structures. 
An excess scatter constant of 3.11 was added to the standard 
error of the fi ltered data points to decrease the MSWD of the 
weighted mean 206Pb/238U date. Twenty-two remaining type one 
zircons yield a weighted mean 206Pb/238U date of 178.9 ±1.3 Ma 
(MSWD=1.33; probability of fi t=0.15). This weighted mean 
is interpreted as the best estimate for the crystallization age 
(Figs. 7a-e).

4.2.2. Duckling Creek syenite: 18lo24-1, 40Ar/39Ar 
hornblende, 177 ±5 Ma

This sample is of coarse-grained equigranular monzonite 
(syenite) from the centre of the Duckling Creek suite, 23.9 km 
south of Mount Ferris, 1.33 km northeast of sample 18lo25-2a 
(section 4.2.1., Fig. 2). The sample consists of coarse K -feldspar 
(80%) with 15% mafi c minerals. These are mostly medium-
grained green clinopyroxene with lesser dark-green amphibole. 
Medium-grained titanite is intergrown with clinopyroxene and 
accessory magnetite is disseminated throughout. The sample 
was collected 1.33 km northeast of sample 18lo25-2a (section 
4.2.1.) and was used for Ar-Ar step-heating as sample 18lo25-
2a did not yield hornblende. For hornblende, four steps (F-I) 
released 98.45% 39Ar and yield an integrated 40Ar/39Ar age of 
177 ±5 Ma (Fig. 8).

4.2.3. Duckling Creek syenite: 19GJ13-5a, U-Pb zircon, 
174.7 ±0.7 Ma 

The sample was collected 31.1 km southwest of Notch Peak 
(Fig. 2), next to the Slide Cu-Au porphyry  prospect and 7 m 
south of a grab sample with chalcopyrite that yielded 0.07 wt.% 
Cu (19GJ13-5b; Ootes et al., 2020b). The sample is a pink-white 
and greenish black, medium-grained, equigranular syenite. It 
contains alkali feldspar (~70%), with lesser amphibole (9%), 
plagioclase (8%), and clinopyroxene (5%). Biotite, chlorite, 
and magnetite combine to make up ~5% of the sample, whereas 
fi ne-grained apatite, titanite, epidote, and zircon are accessory 
minerals. Chalcopyrite forms rare fi ne, disseminated grains, 
and may be rimmed by titanite. 

Two zircon U-Pb analyses were rejected for f206Pbc >1%, 
whereas the remaining analyses passed all data fi lters. Twenty-
four remaining analyses yield a weighted mean 206Pb/238U date 
of 174.7 ±0.7 Ma (MSWD=1.36; proba bility of fi t=0.12). 
The weighted mean is interpreted as the best estimate for the 
crystallization age (Fig. 9).
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Fig. 6. Results of 40Ar/39Ar laser step heating of single crystals 
of a-b) biotite and c-d) hornblende from Thane Creek suite 
diorite (18lo22-1d), and e) hornblende from Thane Creek suite 
monzodiorite (18lo26-1).
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Fig. 7. Results of Duckling Creek suite zircon U-Pb LA-ICP-MS 
analysis. Data used for weighted mean calculations have been fi ltered 
using the methods in section 3.1.1. and Ootes et al. (2020c). Figures 
7c-e demonstrate intermediate steps in the fi ltering process outlined in 
section 3.1.1. Grey ellipses in concordia plots represent data that have 
been fi ltered and were not included in age calculations. Uncertainties 
are reported at the 2σ or 95.5% confi dence level. a) Concordia plot 
of syenite sample 18lo25-2a. b) Weighted mean 206Pb/238U date, 
interpreted as the crystallization age, of syenite sample 18lo25-2a, 
after data fi ltering and excessive scatter constant application (section 
3.1.1.). c) Weighted mean 206Pb/238U date of syenite sample 18lo25-
2a, before applying the excess scatter constant. Colourless boxes 
represent data that were removed from the weighted mean calculation 
due to trace element fi lters outlined in section 3.1.1. d) Weighted 
mean 206Pb/238U date of syenite sample 18lo25-2a, before applying 
the excess scatter constant and after removing the colourless bars 
shown in Figure 7d. e) Weighted mean 206Pb/238U date of syenite 
sample 18lo25-2a, after applying an arbitrary data fi lter that removes 
the oldest and youngest 206Pb/238U date results to lower the MSWD 
of the weighted mean. This demonstrates the robustness of the 
interpreted crystallization age, because the arbitrary fi ltered weighted 
mean corresponds within error to the weighted mean in Figure 7b.
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4.3. Osilinka suite
4.3.1. Osilinka granite: 18lo17-1, U-Pb zircon 159.2 ±4 Ma 
(maximum), 40Ar/39Ar muscovite, 122 ±5 Ma, biotite, 
116 ±1 Ma

We collected this sample 11.9 km southeast of Notch Peak 
(Fig. 2). The sample is of a white (leucocratic ), medium-
grained, equigranular granite. Strained quartz (~37%), 
subhedral alkali feldspar (32%), and subhedral plagioclase 
(26%) comprise most of the sample. Rare accessory biotite, 

muscovite, and magnetite constitute less than 5% of the rock. 
Fine-grained biotite and magnetite occur interstitial to feldspar 
grains, whereas muscovite and sericite are present within 
feldspar cores and along grain boundaries.

Eight zircon U-Pb isotopes analyses were rejected for f206Pbc 
>1% and/or >10% discordance, and one zircon was rejected 
for Fe >300 ppm. The thirteen remaining zircon yield an 
approximately 30 million year spread in 206Pb/238U dates, and 
are interpreted as inherited. The youngest zircon has a 206Pb/238U 
date of 159.2 ±4 Ma; it is unclear if this is a magmatic or 
 inherited zircon and therefore the 206Pb/238U date is interpreted 
as the maximum crystallization age (Fig. 10a).

Both muscovite and biotite were separated from the sample 
and tested by laser step heating. For muscovite six steps (D-
I) released 85.83% 39Ar and yield an integrated 40Ar/39Ar age 
of 122 ±5 Ma (Fig. 11a). For biotite fi ve steps (C-G) released 
57.98% 39Ar and yield an integrated 40Ar/39Ar age of 116 ±1 Ma 
(Fig. 11b).

4.3.2. Sheet cutting Osilinka granite, 18lo20-4, U-Pb zircon, 
162.2 ±2.6 Ma (maximum)

The sample is from a fl at-lying sheet, at least 4 m thick, 
that cuts Osilinka suite rocks, 14.01 km southeast of Notch 
Peak (Fig. 2). Fine-grained plagioclase and quartz make  up 
most of the groundmass, with plagioclase phenocrysts up to 
0.5 cm. Magnetite, chlorite, epidote, and calcite are accessory 
in the groundmass. A ~0.5 mm wide calcite-fi lled vein cuts 
the sample. Rare, ~2.5 mm wide euhedral chalcopyrite grains 
are in the groundmass. Eight zircon U-Pb analyses were 
rejected for f206Pbc >1% and/or >10% discordance. The nine 
remaining zircon yield an approximately 100 million year 
spread in 206Pb/238U dates and are interpreted as inherited. The 

Fig. 8. Results of 40Ar/39Ar laser step heating of a single crystal of 
hornblende from Duckling Creek syenite (18lo24-1).

Fig. 9. Results of Duckling Creek suite zircon U-Pb LA-ICP-MS analysis. a) Concordia plot of syenite sample 19GJ13-5a. b) Weighted mean 
206Pb/238U date, interpreted as the crystallization age, of syenite sample 19GJ13-5a.
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Fig. 10. Results of Osilinka suite zircon U-Pb LA-ICP-MS analysis. 
Grey ellipses in concordia plots represent data that have been 
fi ltered (section 3.1.1.) and were not included in age calculations. 
Uncertainties are reported at the 2σ or 95.5% confi dence level. a) 
Concordia plot of granite sample 18lo17-1. The green ellipse is the 
youngest zircon result, interpreted as the maximum age. Red ellipses 
are data that passed the data fi lters in section 3.1.1. and the zircon 
grains are interpreted as antecrysts or xenocrysts. b) Concordia plot of 
porphyritic sheet sample 18lo20-4. The green ellipse is the youngest 
zircon result, interpreted as the maximum age. Red ellipses are data 
that passed the fi lters in section 3.1.1. and the zircon grains are 
interpreted as antecrysts or xenocrysts.

Fig. 11. Results of 40Ar/39Ar laser step heating of single crystals of a) 
muscovite and b) bioitie from Osilinka suite granite (18lo17-1).

youngest zircon has a 206Pb/238U date of 162.2 ±2.6 Ma; it is 
unclear if this is a magmatic or inherited zircon and therefore 
the 206Pb/238U date is interpreted as the maximum crystallization 
age (Fig. 10b).

4.4. Mesilinka suite
4.4.1. Mesilinka tonalite: 19GJ12-1, U-Pb zircon, 
134.1 ±0.5 Ma

We collected this sample 2.45 km northwest of Horn Peak 
(Fig. 2). It is a grey, medium-grained, equigranular bi otite-rich 
tonalite with a foliation defi ned by biotite. Equigranular granite 
dikes cut the tonalite at an outcrop ~50 m away. The sample is 
composed of slightly altered plagioclase (~50%), with lesser 
strained quartz (~30%) and brown and green biotite (~15%). 
Subhedral amphibole and magnetite, anhedral epidote, apatite, 
and titanite, and euhedral zircon are accessory and spatially 
associated with patches of biotite. 
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Trace element concentrations were not analyzed and not 
used to fi lter the data, because insuffi cient zircon remained 
after LA-ICP-MS U-Pb and Lu-Hf analyses and the grains 
were too small (<60 mm wide) for LASS mode. Three zircon 
U-Pb analyses were rejected for f206Pbc >1%. Two analyses 
were rejected from the age calculation because the zircons 
are interpreted as xenocrysts or antecrysts due to dark cores 
and disrupted rim growth in CL images (Ootes et al., 2020c). 
In addition, the zircons have elevated δ18O values relative to 
the other zircons (G. Jones, unpublished data, 2021). Eighteen 
remaining analyses yield a weighted mean 206Pb/238U date of 
134.1 ±0.5 Ma (MSWD=1.48; probability of fi t=0.09). The 
weighted mean is interpreted as the best estimate for the 
crystallization age of this sample (Figs. 12a, b).

4.4.2. Mesilinka tonalite: 18bg17-10, 40Ar/39Ar biotite, 
108 ±2 Ma and 111 ±3 Ma

The sample was collected from 6.87 km south-southeast 
of Mount Ferris (Fig. 2), within a body of medium-grained 
tonalite that contains a foliation. It consists of 65% quartz and 
plagioclase with 30% mafi c minerals. The mafi c minerals are 
mostly green and lesser brown (metamorphic?) biotite and 
lesser euhedral hornblende. Titanite is an accessory mineral.

Two aliquots of biotite were analyzed by laser step-heating. 
For biotite-aliquot 1, six steps (E-J) released 99.66% 39Ar and 
yield an integrated 40Ar/39Ar age of 108 ±2 Ma (Fig. 13a). For 
biotite-aliquot 2, ten steps (B-M; steps E and H not included) 
released 99.98% 39Ar and yield an integrated 40Ar/39Ar age of 
111 ±3 Ma (Fig. 13b).

4.4.3. Mesilinka granodiorite: 18lo19-2, 40Ar/39Ar biotite, 
123 ±2 Ma

This sample, a medium-grained equigranular granodiorite 
with biotite and minor hornblende, was collected 8.77 km 
south of Mount Ferris (Fig. 2). The sample yielded biotite and 
six Ar-release steps (B-H) released 77.07% 39Ar, yielding an 
integrated 40Ar/39Ar age of 123 ±2 Ma (Fig. 13c).

4.4.4. Mesilinka K-feldspar porphyritic granite: 18lo12-7, 
U-Pb zircon, 134.8 ±1.2 Ma, 40Ar/39Ar biotite, 112 ±3 Ma

The sample, a medium-grained K-feldspar porphyritic 
granite with a foliation defi ned by biotite was collected 2.1 km 
northeast of Horn Peak (Fig. 2). Clay-altered alkali feldspar 
phenocrysts up to 5 cm (3 8%), strained anhedral quartz (28%), 
and myrmekitic plagioclase (22%) comprise most of the sample. 
Biotite (10%) is 1-2 mm wide and interstitial to feldspar and 
quartz. Accessory minerals include zircon, magnetite, apatite, 
epidote, and allanite with epidote rims.

From the LA-ICP-MS results, six analyses were rejected 
for f206Pbc >1% and/or >10% discordance. Ten analyses were 
rejected for exceeding Ca >300 ppm, Fe >300 ppm, and/or La 
>1 ppm. One analysis was identifi ed as a xenocryst because 
the CL image (zircon 49, sample 18lo12-7; Ootes et al., 2020c) 
shows that the zircon has a bright rounded core that is crosscut 
by later growth zoning. For the remaining zircon, an excess 

scatter constant of 2.68 was added to the standard error of the 
fi ltered data points to decrease the MSWD of the weighted 
mean 206Pb/238U date. Fourteen zircons yield a weighted mean 
206Pb/238U date of 134.8 ±1.2 Ma (MSWD=1.64; probability of 
fi t=0.07). The weighted mean is interpreted as the best estimate 
for the crystallization age of this sample (Figs. 12c, d).

This sample yielded biotite and eight steps (B-I) released 
99.98% 39Ar, resulting in an integrated 40Ar/39Ar age of 
112 ±3 Ma (Fig. 13d).

4.4.5. Mesilinka equigranular granite: 18lo11-1, U-Pb 
zircon, 127.9 ±0.8 Ma 

The sample, an equigranular, fi ne to medium-grained granite 
with a foliation defi ned by biotite was collected 1.48 km 
northeast of Horn Peak (Fig. 2). It consists mostly of strained 
fi ne-grained quartz (40%) , anhedral medium-grained alkali 
feldspar (30%), and clay-altered plagioclase (25%). Accessory 
minerals include zircon, fi ne-grained muscovite, biotite, and 
magnetite. Magnetite may be rimmed by titanite.

Six analyses were rejected for f206Pbc >1% and/or >10% 
discordance. Thirteen analyses were rejected for exceeding 
La >1 ppm and/or Fe >300 ppm. Three zircons were rejected; 
one zircon (shown in Fig. 11e, not shown in Fig. 11f) and two 
other zircons are interpreted as antecrysts/xenocrysts because 
the CL images (zircons 8, 22, and 35 in sample 18lo11-1; 
Ootes et al., 2020c) show bright zircon cores that are crosscut 
by darker rims. For the remaining analyses, an excess scatter 
constant of 2.34 was added to the standard error of the fi ltered 
data points to decrease the MSWD of the weighted mean 
206Pb/238U date. The youngest zircon date was rejected due to 
possible undetected Pb-loss and large error in the 206Pb/238U 
value. Twenty-three remaining analyses yield a weighted mean 
206Pb/238U date of 127.9 ±0.8 Ma (MSWD=1.53; probability of 
fi t=0.05). The weighted mean is interpreted as the best estimate 
for the crystallization age of this sample (Figs. 12e, f).

4.4.6. Mesilinka equigranular granite: 04PSC-277, U-Pb 
multi-grain titanite, 133.9 ±0.3 Ma

The sample was collected from the north end of Hogem 
batholith, 21.5 km north-northwest of Horn Peak (Fig. 2). It is 
a medium-grained granite with ~55% feldspar (plagioclase>K-
feldspar), 25% quartz, and 20% variably chloritized mafi c 
minerals (biotite>hornblende) and is isotropic to weakly 
lineated.

Single zircon and multi-grain titanite fractions were analyzed 
by ID-TIMS. Two titanite fractions yield a weighted mean 
206Pb/238U date of 133.9 ±0.3 Ma (MSWD=1.15; Fig. 12g), 
interpreted as a minimum crystallization age estimate for the 
granitoid, because they record cooling through the titanite 
closure temperature of ca. 600-650°C (Flowers et al., 2005). 
Three zircon fractions that give signifi cantly younger results 
than the titanites and are interpreted to have suffered from Pb-
loss. One zircon fraction gives older, discordant results, likely 
due to the presence of inherited components. 
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Fig. 12. Results of Mesilinka suite zircon U-Pb LA-ICP-MS analysis. 
Data used for weighted mean calculations have been fi ltered using 
the methods outlined in section 3.1.1. and Ootes et al. (2020c). Grey 
ellipses in concordia plots represent data that have been fi ltered and 
were not included in age calculations. Uncertainties are reported at the 
2σ or 95.5% confi dence level. a) Concordia plot of tonalite sample 
19GJ12-1. Dark grey ellipses passed the data fi lters in section 3.1.1., 
but are interpreted as antecrystic or xenocrystic zircon grains, and 
were not included in the concordia age calculation. b) Weighted mean 
206Pb/238U date, interpreted as the crystallization age, of tonalite sample 
19GJ12-1. Blue bars are zircons interpreted as antecrysts or xenocrysts 
and were not included in the weighted mean calculation. c) Concordia 
plot of K-feldspar porphyritic granite sample 18lo12-7. The dark grey 
ellipse passed the data fi lters in section 3.1.1. but is interpreted as 
xenocrystic and not included in the age calculation. d) Weighted mean 
206Pb/238U date of K-feldspar porphyritic granite sample 18lo12-7, 
after applying excessive scatter constant (section 3.1.1.). The blue bar 
is an intepreted xenocrystic zircon and is not included in the weighted 
mean calculation. e) Concordia plot of equigranular granite sample 
18lo11-1. The dark grey ellipse passed the data fi lters in section 
3.1.1. but is interpreted as xenocrystic and is not included in the age 
calculation. f) Weighted mean 206Pb/238U date of equigranular granite 
sample 18lo11-1, after applying excessive scatter constant (section 
3.1.1.). The blue bars are interpreted antecrystic or xenocrystic 
zircons and are not included in the weighted mean calculation. The 
colourless bar passed the data fi lters in section 3.1.1. but was not 
included in the weighted mean calculation due to the large uncertainty 
and younger age, possibly indicating undetected Pb-loss in the zircon. 
g) Concordia plot of equigranular granite sample 04PSC277. Two 
titanite fractions were used to determine the weighted mean 206Pb/238U 
date, interpreted as the crystallization age of this sample. h) Concordia 
plot of K-feldspar porphyritic granite sample 04PSC278. Two titanite 
and two zircon fractions yield overlapping weighted mean 206Pb/238U 
dates, interpreted as the crystallization age of this sample.

4.4.7. Mesilinka K-feldspar porphyritic granite: 04PSC-
278, U-Pb zircon, 135.0 ±0.3 Ma, U-Pb multi-grain titanite, 
134.5 ±0.3 Ma

The sample is from the north end of Hogem batholith, 
22 km north-northwest of Horn Peak, and 1 km west of sample 
04PSC-277 (section 4.4.6.; Fig. 2). The granite is coarse 
grained and porphyritic, with 30% K-feldspar (10% as 1 to 
2 cm phenocrysts), 30% plagioclase, 20% quartz, and 20% 
chloritized mafi c minerals (biotite>>hornblende). The sample 
has a strong lineation defi ned by elongate biotite clots and 
stretched feldspar and quartz grains, and a less-pronounced 
northeast-dipping tectonic foliation.

Single zircon and multi-grain titanite fractions were 
analyzed by ID-TIMS. Results for two overlapping and 
concordant zircon fractions give a weighted mean 206Pb/238U 
date of 135.0 ±0.3 Ma (MSWD=0.18; Fig. 12h), interpreted 

as a good estimate for the age of crystallization. Two slightly 
younger zircon fractions appear to have undergone minor Pb-
loss. One zircon fraction is slightly older, likely due to the 
presence of inherited, or possibly or antecrystic components. 
Two titanite fractions yield a weighted mean 206Pb/238U date of 
134.5 ±0.3 Ma (MSWD=0.89; Fig. 12h), which overlaps with 
the interpreted crystallization age based on two zircon fractions 
and is consistent with cooling through the titanite closure 
temperature soon after emplacement.

5. Summary
Uranium-lead and 40Ar/39Ar geochronology of Hogem 

batholith samples yield a range of crystallization ages from 
206.6 ±0.9 to 127.9 ±0.8 Ma (Figs. 5-14; Table 1). The 
geochronological and geochemical attributes indicate a 
punctuated, protracted, and petrologically diverse intrusive 
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Fig. 13. Results of 40Ar/39Ar laser step heating of single crystals of a-b) biotite from Mesilinka suite tonalite (18bg17-10), c) biotite from 
Mesilinka suite granodiorite (18lo19-2), and d) biotite from Mesilinka suite granite (18lo12-7).

history for the batholith (Figs. 3, 4, 14; Table 1). The Thane Creek 
suite crystallized between 206.6 ±0.9 and 194 ±1.1 Ma and a 
single 40Ar/39Ar amphibole result from an undeformed quartz 
diorite phase indicates post-intrusion cooling at 202 ±5 Ma. The 
crystallization ages overlap an age of 200.9 ±0.2 Ma from the 
Rhonda-Dorothy gabbro in southern Hogem batholith (Devine 
et al., 2014) and a less-precise age of ca. 204 Ma from the CAT 
monzonite (Fig. 2, 14; Mortensen et al., 1995). The results of 
40Ar/39Ar amphibole and biotite from a deformed Thane Creek 
diorite indicate these minerals were reset during deformation 
after Duckling Creek suite emplacement (<175 Ma) and 
underwent prolonged post-deformation cooling at ca. 125 Ma 

synchronous with the Mesilinka suite (Figs. 6a-e, 14).
The Duckling Creek samples investigated in this study 

crystallized between 178.9 ±1.3 to 174.7 ±0.7 Ma (Figs. 7, 9, 
14). A hornblende 40Ar/39Ar age of 177 ±5 Ma, from a Duckling 
Creek suite syenite approximates the time of relatively rapid 
post-crystallization cooling (Figs. 8, 14). The full collection 
of results overlaps previously reported U-Pb and 40Ar/39Ar 
results from the Lorraine Cu-Au deposit in southern Hogem 
batholith (Fig. 14; Bath et al., 2014; Devine et al., 2014). The 
174.7 ±0.7 Ma zircon crystallization age result in this study 
is from a syenite sample that hosts Cu-mineralization (assay 
sample 19GJ13-5b; Ootes et al., 2020b) and is adjacent to 
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Fig. 14. Geochronology results of the four Hogem batholith intrusive suites. Data includes zircon U-Pb dates by CA-TIMS, TIMS, and LA-
ICP-MS analysis, titanite U-Pb dates by TIMS analysis, and biotite, muscovite, and hornblende 40Ar/39Ar dates by laser step-heating. The CAT 
monzonite TIMS zircon U-Pb date is from Mortensen et al. (1995). Data from Devine et al. (2014) includes CA-TIMS zircon U-Pb dates 
and biotite 40Ar/39Ar dates of several samples from Duckling Creek suite phases in the Lorraine deposit area. Data from Bath et al. (2014) are 
represented as a single point, the average of fi ve overlapping CA-TIMS zircon U-Pb dates of Duckling Creek suite samples from the Lorraine 
deposit area.

(or part of) the Slide Cu showing. This may indicate some 
Cu-mineralization within the Duckling Creek suite is slightly 
younger than at the Lorraine deposit (ca. 175 Ma; cf. 180-
178.5 Ma, Bath et al., 2014; Devine et al., 2014), or may be due 
to results from different analytical techniques.

The Osilinka suite has a maximum crystallization age of 
ca. 160 Ma, estimated from the youngest zircon result of the 
Osilinka granite sample 18lo17-1 analysis (159.2 ±4 Ma). A 
plagioclase-phenocrystic sheet cuts the Osilinka granite and 
yielded an overlapping U-Pb zircon date (162.2 ±2.6 Ma). 
Results from 40Ar/39Ar muscovite (122 ±5 Ma) and biotite 
(116 ±1 Ma) are interpreted as the time of post-deformation 
cooling (Figs. 11, 14). 

The oldest tonalitic phase of the Mesilinka suite crystallized 
at 134.1 ±0.5 Ma and the youngest granite phase crystallized 
at 127.9 ±0.8 Ma (Figs. 12a-f, 14). Three Mesilinka granite 
ages (determined by U-Pb zircon LA-ICP-MS and multi-grain 
TIMS analyses) overlap at ca. 134 Ma. Two U-Pb multi-grain 
titanite dates, determined by TIMS, are consistent with the 
U-Pb zircon crystallization ages (Figs. 12g, h, 14). The tonalite 
is cut by the granite, and the results are best interpreted as 
concomitant metaluminous tonalitic and weakly peraluminous 
granitic magmatism, preserved as tonalite enclaves within 
granite intrusions (Figs. 4a, 12a-h). Four Mesilinka 40Ar/39Ar 
biotite dates yield a range from 123 ±2 to 108 ±2 Ma (Figs. 

13, 14). This is interpreted as a prolonged period of magmatic 
and post-deformation cooling following emplacement of the 
Mesilinka suite.

A fundamental geochemical subdivision of Hogem batholith 
exists between the silica-saturated Thane Creek, Osilinka, 
and Mesilinka suites and the mildly silica undersaturated 
Duckling Creek suite (0-12 wt.% normative nepheline). 
Despite their overlapping SiO2 concentrations, the diorites, 
quartz monzodiorites, and granodiorites of the Thane Creek 
suite (SiO2=47-71 wt.%) have signifi cantly lower total alkali 
metal concentrations (Na2O+K2O=3.4-8.2 wt.%) than the 
syenites of the Duckling Creek suite (SiO2=53-64 wt.%; 
Na2O+K2O=8.6-14.8 wt.%). The higher SiO2 concentrations 
of the Mesilinka (63-77 wt.%) and Osilinka (69-76 wt.%) 
suites are refl ected in higher relative abundances of modal 
quartz, although variable K2O+Na2O concentrations and 
CaO/(Na2O+K2O) ratios result in a large compositional range 
between tonalite and syenogranite. Whereas the intermediate-
SiO2 rocks of the Thane Creek and Duckling Creek suites are 
metaluminous (Fig. 4a), the high-SiO2 Mesilinka and Osilinka 
suites are weakly peraluminous (ASI ≤1.2) and similar to the 
estimated ASI of the upper continental crust (1.04; Rudnick and 
Gao, 2003). Samples of the Thane Creek suite are magnesian 
(Fig. 4b) according to the classifi cation of Frost and Frost (2008), 
and clearly distinguished from the ferroan Duckling Creek 
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suite syenites. Although most of the samples of the Mesilinka 
suite are magnesian, a subset of the syenogranitic samples are 
ferroan and more similar to the syenogranite of the Osilinka 
suite (Fig. 4b). However, the two ferroan syenogranite suites 
are distinguished on their molar K/(K+Na) ratios; the ferrous 
syenogranites of the Mesilinka suite (K/(K+Na)=0.32-0.46) 
are potassic relative to both the syenogranites of the Osilinka 
suite (K/(K+Na)=0.21-0.32) and continental crust estimates 
(K/(K+Na) <0.36; Rudnick and Gao, 2003). In addition to the 
ferroan syenogranites of the Mesilinka suite, syenites of the 
Duckling Creek suites are also potassic (K/(K+Na)=0.32-0.68). 
The remaining rocks of the Hogem batholith are relatively 
sodic and comparable to the continental crust composition.

The Hogem batholith contains chemically diverse igneous 
suites that have a punctuated and protracted intrusive history, 
lasting more than 80 m.y. This longevity is rare for a single 
batholith in the Canadian Cordillera and indicates that diverse 
magma sources were tapped through time. Further petrogenetic 
studies will help determine how each of the intrusive suites fi t 
within the tectonic evolution of the orogen. A new fi nding in this 
study is that the Mesilinka suite (135-128 Ma) intruded during 
a previously documented magmatic gap in the Cordilleran 
orogen (Armstrong, 1988).

6. Economic implications
Both the Thane Creek and Duckling Creek suites host 

porphyry Cu-Au mineralization. The best example is the 
Lorraine deposit, which is hosted by Duckling Creek suite. 
It has an Indicated resource of 6.42 Mt at 0.62% Cu and 
0.23 g/t Au and an Inferred resource of 28.82 Mt at 0.45% Cu 
and 0.19 g/t Au (Giroux and Lindinger, 2012). The Lorraine 
deposit is south of the present study area (Fig. 2; e.g., Devine 
et al., 2014), but equally prospective rocks are in northern 
Hogem batholith, as confi rmed by our bedrock mapping and 
geochronological results (Figs. 2, 14; Ootes et al., 2020a, b, 
c). The Thane Creek suite hosts numerous Cu-prospects, some 
of which are actively being explored (e.g., Cathedral project, 
Naas, 2016; Top Cat, Serengeti Resources Inc., 2020), and 
correlative rocks host the Kwanika developed prospect south 
of the present study area (Serengeti Resources Inc., 2020). The 
results of this study confi rm a similar age-relationship to the 
Cu-hosted Rhonda-Dorothy prospect to the south (Devine et 
al., 2014) and further highlight the distribution of the Thane 
Creek suite in Hogem batholith.
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Abstract
The Cordilleran Ice Sheet covered the Hogem batholith area during the Late Wisconsinan glacial maximum when ice fl owed east and 

southeast across the region from an ice divide above the Skeena Mountains. During this stage, ice-fl ow was independent of local topography 
and glaciers were able to move across  valleys. However, for most of the Late Wisconsinan, ice fl ow was controlled by topography, as recorded 
by glacially streamlined or eroded landform- and outcrop-scale indicators that are commonly aligned valley parallel. Valley glaciers were 
not entirely controlled by local topography, fl owing over low-elevation, through-valley, topographic divides, transporting glacial debris into 
adjacent drainages. During full-glacial conditions, glaciers deposited overconsolidated subglacial tills. During deglaciation, hummocky, and less 
consolidated, melt-out tills were deposited. Signifi cant volumes of glacial meltwater fl owed through the valleys during deglaciation, transporting 
coarse-grained sands and gravels. Much of this transport and deposition was subaerial (forming extensive outwash plains and terraces), but a 
component was subglacial (forming eskers) or in contact with stagnant ice blocks (producing hummocky sands and gravels). Colluvial deposits 
are common along the base of steep slopes and are now vegetated and stable, but talus aprons and cones are still actively being constructed. 
Organic deposits occur throughout the study area, mostly as narrow transition zones between tree stands and water bodies. These deposits can 
also be extensive along the fl oors of retreat-phase glaciofl uvial meltwater channels. Subglacial till, the ideal sample medium for till geochemistry 
and mineralogy surveys in mineral exploration, is common in valley bottoms and lower hillslopes. Although bedrock is well-exposed at high 
elevation, small isolated outcrops are common along valley bottoms and on forested hill fl anks but may be overlooked. 

Keywords: Surfi cial geology, Quaternary geology, ice-fl ow history, Hogem batholith, Cordilleran Ice Sheet

1. Introduction
The Hogem batholith, which is prospective for syngenetic 

porphyry Cu (±Au, Ag, Mo) and quartz vein-hosted precious 
and base-metal mineralization, is in the Omineca Mountains, 
a remote part of north-central British Columbia (Fig. 1). In 
2018, the British Columbia Geological Survey initiated a 
multi-year program integrating 1:50,000-scale bedrock and 
surfi cial geological mapping of northern Hogem batholith as 
it has not been investigated at this scale. Results from bedrock 
mapping, including detailed geochemical and geochronologic 
work to better understand the origin and timing of batholith 
emplacement and base- and precious-metal mineralization, 
are presented by Ootes et al. (2019a, b, 2020a, b) and Jones 
et al. (2021). Herein we present a preliminary overview of 
the surfi cial geology component by describing map units, 
landforms, and the ice-fl ow history of the area.

 
2. Setting and previous work

The northern Hogem batholith area is in north-central British 
Columbia, approximately 200 km northwest of Mackenzie, 
British Columbia (Fig. 1). Topography here consists of steep 
mountains with northward-facing cirques, and deep U-shaped 
valleys (Holland, 1976). 

The Hogem batholith (Jurassic to Early Cretaceous) is a 
composite felsic to mafi c plutonic body in Quesnel terrane. 

Fig. 1. Study area location.

These rocks have a high potential to host syngenetic porphyry-
style Cu (±Au, Ag, Mo) mineralization and quartz vein-
hosted concentrations of precious and base-metals. There are 
112 MINFILE mineral occurrences in the study area, and 
an additional 19 have been discovered as part of regional 
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bedrock mapping by Ootes et al. (2019a, b, 2020a, b). Seventy 
kilometres northwest of the study area is the past-producing 
Kemess mine (calc-alkaline porphyry Cu-Mo-Au; MINFILE 
094E 094) and 10 km south is the Lorraine developed prospect 
(alkalic Cu-Au porphyry; MINFILE 093N 002).

Roots (1954) and Armstrong and Roots (1954) provided 
detailed Quaternary geology observations while investigating 
the bedrock geology and mineral deposits of the Aiken Lake 
map-area (NTS 94C west). Plouffe (2000) studied the surfi cial 
geology and Quaternary history of the Manson River map 
sheet south of the present study area at 1:250,000-scale and, 
to the east, Rutter (1974a, b) mapped the surfi cial geology of 
the Finlay River valley at 1:125,000-scale before the fl ooding 
of Williston Lake behind the W.A.C. Bennet Dam. Ryder and 
Maynard (1991), Bobrowsky and Rutter (1992), Clague and 
Ward (2011), and Margold et al. (2013) included the area in 
their broader summaries of Quaternary history and Cordilleran 
Ice Sheet dynamics.

3. Methods
Before entering the fi eld, we made preliminary surfi cial 

geology maps for NTS 094C/04, 05, 094D/01, and 08 using 
digital, black and white 1:40,000-scale, air photo stereo 
pairs. Once in the fi eld, we modifi ed these maps by recording 
observations at natural (e.g., stream cuts, gullies, up-rooted 
trees) and anthropogenic (e.g., road cuts, clear cuts, hand-
dug pits) exposures. We traversed using truck and all-terrain 
vehicle in those parts of NTS 094/C04 and 05 with road access 
(Fig. 2). In areas without roads, we conducted short ground 
traverses above treeline using a helicopter for access. We made 
observations from the air where a helicopter was prevented 
from landing, either because of excessively rugged topography 
(at elevation) or excessive tree cover (valley bottoms). We 
supplemented ground observations with high resolution 
(<10 cm/pixel) photogrammetric DEMs generated in the fi eld 
using a remotely piloted aircraft system and the structure from 
motion technique (Elia and Ferbey, 2020).

4. Surfi cial geology map units
The following is a preliminary summary of the major surfi cial 

geology map units of the study area. Detailed descriptions of 
most sediment types are from exposures in 094C/04 and 05. 
Observations on bedrock and colluvial units were made in all 
four map sheets.

4.1. Bedrock
Bedrock is exposed in all topographic positions. It is most 

common above treeline where it forms extensive coherent 
exposures (Fig. 3a) or is mantled by felsenmeer consisting of 
frost-shattered angular fragments derived from immediately 
subjacent bedrock (Fig. 3b). Felsenmeer is most common in 
saddles, but can also occur in rounded, high-elevation, ridges 
or plateaus. At mid-slope positions (Fig. 3c), it can be diffi cult 
to distinguish between coherent bedrock and felsenmeer in 
air photos because exposures are small and discontinuous or 

hidden by vegetation. Bedrock is exposed discontinuously 
at isolated exposures distributed along the length of valley 
bottoms and in adjacent benches (Fig. 3d). Bedrock outcrop 
below treeline is likely under-represented in surfi cial geology 
mapping because of masking by tree canopy or because 
exposures are too small to resolve in air photos. Nonetheless, 
bedrock can occur in mappable features such as modern stream 
banks, and glaciofl uvial meltwater channels, and does occur in 
the stoss (up-ice) end of crag and tail ridges.

4.2. Till
Till forms a cover of variable thickness in many topographic 

positions. At lower elevations, tills are commonly part of a 
thicker sediment package that obscures underlying bedrock 
topography. Tills are generally thinner on benches elevated 
above a valley, where surface topography is bedrock controlled. 
Streamlined tills (e.g., drumlins, fl utes, crag and tails) also 
occur locally in the study area.

Tills in the study area contain subangular to subrounded 
clasts, typically pebble to cobble sizes (<10% boulders), that 
are set in a silty-sand matrix that typically ranges from 60 to 
65% but can be as low as 20%. A massive, matrix-supported, 
weakly fi ssile, and moderately consolidated to overconsolidated 
variety, interpreted as a subglacial till, can be found throughout 
the study area (Fig. 4a). Th ese subglacial tills locally form 
veneers <2 m thick overlying bedrock (Fig. 4b). The tills are 
commonly olive green, brown, or grey, but iron oxide staining 
may appear at transitions from tills to overlying B-horizon soils. 
Iron oxides can be restricted to individual clasts suspended in 
the till matrix or can be pervasive through the till matrix.

Subglacial tills of the Mesilinka River valley are 
predominantly sandy even though the valley appears to be 
underlain by mudrocks of the Takla Group (Ferri et al., 2001). 
This abundance of sand could represent earlier valley-fi ll 
deposits being reworked during Late Wisconsinan glacier 
advance and then incorporated into these tills. Alternatively, 
it is conceivable that unmapped crystalline intrusive or other 
coarse-grained rocks, that could yield sand-sized material, 
underlie parts of the valley. Quartz diorite rubble in a road cut 
near the center of Mesilinka River valley, 5 km east of Aiken 
Lake (Fig. 5), might point to such as yet unmapped bedrock.

Some tills have an undulating or hummocky surface 
expression (1 to 10 m high, 100s m long). This variety is 
weakly consolidated and is commonly near or adjacent to 
hummocky or ridged glaciofl uvial sediments in valley bottoms. 
A sandy, weakly consolidated till is overlain by a poorly 
sorted, boulder-sized, glaciofl uvial gravel north of Aiken Lake 
(Fig. 4c). We interpret these deposits to have formed by melt-
out, either supraglacial or subglacial. East of Aiken Lake, tills 
at surface have a higher gravel content and larger clasts, but 
are moderately consolidated (Fig. 4d), possibly indicating 
subglacial deposition.

4.3. Glaciofl uvial
Glaciofl uvial sands and gravels occur at surface in most 
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Fig. 2. Station types and locations. Field stations are ground observations. RPAS survey locations are where <10 cm/pixel photogrammetric 
DEMs were produced (see Elia and Ferbey, 2020). Helicopter observations are geolocated photographs taken from the air. The approximate 
extent of the Hogem batholith is after Ootes et al. (2020b).

valleys of the study area. They can extend the width of narrow, 
high-elevation valleys, where they are bounded by colluvial 
slopes, or occupy the central portions of broader valleys 
where they are commonly fl anked by tills. These deposits can 
be terraced, show a hummocky or ridged (i.e., esker) surface 
expression, or form outwash plains or fans. Terrace gravels 
exposed in a 5 m road cut on the north side of Mesilinka 
River valley, near Aiken Lake, are typical for the study area 
(Fig. 6). Here, a cobble to boulder gravel fi nes up to a pebble to 
cobble gravel. The gravels are predominantly clast supported 
but locally can be matrix supported. The matrix throughout is 
a silty, medium to coarse sand and clasts are subrounded to 
rounded. These gravels are massive but in the upper 1.5 m, 
oblate clasts are weakly imbricated.

4.4. Colluvium
Colluvium blankets (>2 m thick) or veneers (<2 m thick) 

cover most slopes of this high-relief area. In many instances, 
these slopes are vegetated and the bedrock- or till-sourced 
sediment is now stable to metastable. Talus aprons or cones, 
consisting of loose angular pebbles and boulders accumulating 
directly below a steep-faced bedrock source, are the most 
visually prominent gravity deposits. Clasts are self-supporting 
and may be matrix fi lled or display an open framework. The 
lack of vegetation on these slopes indicates that talus is still 
forming (Fig. 7).

4.5. Organics
Peat and plant material in various stages of decomposition 
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Fig. 3. Representative photographs of bedrock exposures. a) Granite ridges of the Osilinka intrusive suite (Late Jurassic; Ootes et al., 2020b), 
east of Notch Peak. b) Felsenmeer at elevation, above immediately subjacent in-situ Osilinka intrusive suite bedrock east of Notch Peak. c) 
Felsenmeer on the southwest-facing slope of the Osilinka River valley above diorite to quartz monzonite of the Thane Creek intrusive suite 
(Early Jurassic, Ootes et al., 2020b). d) A road cut through layered mudrocks mapped by Ferri et al. (2001) as Takla Group (Upper Triassic), east 
of Aiken Lake on the south side of Mesilinka River valley.

are found along the shorelines of small ponds and lakes and at 
the margins of low-gradient streams. They form accumulations 
typically >1 m thick, with a planar surface expression, creating 
a transition zone (5 to 50 m wide) between tree stands and water 
bodies. Organic material also occupies the lows in hummocky, 
undulating, or ridged glaciofl uvial terrain, or in the troughs 
of streamlined tills. The most extensive organic deposits are 
next to deglacial sands and gravels in the central portion of 
094D/08, where they are in well-defi ned, 100- to 150 m-wide 
corridors that can continue for 1000s of m. In plan view, these 
corridors vary from anabranching to dendritic and delineate the 
fl oors of glaciofl uvial meltwater systems. Today, the corridors 
are either abandoned or contain underfi t streams. 

5. Ice-fl ow history
During the most recent Quaternary glaciation (Late 

Wisconsinan, or marine isotope stage 2, approximately 29 
to 11.7 ka), the Cordilleran Ice Sheet covered the study area 
(Roots, 1954; Ryder and Maynard, 1991; Clague and Ward, 
2011). Ice generally fl owed through the area towards the east 
and southeast (Fig. 8) from an ice divide over the Skeena 

Mountains, ~100 km to the northwest (Ryder and Maynard, 
1991; Clague and Ward, 2011). The ice sheet stage is attained 
once ice thickness is signifi cantly greater than underlying 
topography (Kerr, 1934; Davis and Mathews, 1944); ice then 
fl ows unconstrained by topography and in the direction dictated 
by the surface slope of the ice sheet. Field evidence for this ice 
sheet stage is scarce, but 10 km northeast of Mount Carruthers, 
on a rounded ridge that forms the eastern boundary of a cirque 
basin, rat tails at 1750 m ASL are oriented towards 158° 
(Fig. 9). These glacially eroded features indicate that ice fl ow 
was independent of topography and that ice moved up the local 
slope, towards the cirque headwall. Striation data presented 
by Ootes et al. (2019b, 2020b), which indicate ice movement 
across alpine ridges (at 1700 to 2000 m ASL), confi rm that the 
ice sheet stage was achieved in the study area. However, Roots 
(1954) and Ryder and Maynard (1991) considered that the ice 
sheet stage in this sector of the Cordilleran Ice Sheet was short 
lived, which would imply that inter- or cross-valley transport of 
glacial debris at higher elevations was minimal.

For  most of the Late Wisconsinan, topography-controlled 
glacier fl ow was typical, as attested to by the well-developed 

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
60

Ferbey and Elia



Fig. 4. Representative photographs of tills. a) A blocky, massive, overconsolidated subglacial till with a silty-sand matrix exposed on the north 
side of Mesilinka River valley, east of Aiken Lake. b) Subglacial till veneer (Tv) overlying Takla Group (Upper Triassic) mudrocks (R) northwest 
of Aiken Lake. c) A sandy, weakly consolidated, meltout till (T) overlain by hummocky glaciofl uvial gravels (GFh) north of Aiken Lake. d) 
Moderately consolidated  gravelly meltout till east of Aiken Lake.

Fig. 5. Angular blocks of quartz diorite of uncertain origin in a road cut 
east of Aiken Lake might signify that intrusive bodies in the Mesilinka 
River valley remain unmapped.

Fig. 6. Representative glaciofl uvial terrace gravels with rounded 
clasts, east of Aiken Lake.
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Fig. 7. Talus apron (Ca) and bedrock (R) on the north fl ank of Mount 
Carruthers.

Fig. 9. Rat tails preserved in a mafi c lapilli tuff of the Asitka Group 
(Carboniferous to Permian). The long axes are oriented towards 158° 
indicating ice fl ow towards the cirque headwall (see Figure 8 for 
location).

Fig. 8. Ice fl ow history of the study area. Ice fl ow indicators are modifi ed from Arnold and Ferbey (2019) and Ootes et al. (2020b). Locations of 
Figures 9 and 10 are provided.
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cirques and arêtes that defi ne the mountains of the northern 
Hogem batholith area. In valleys, glacially streamlined 
landforms such as fl utes, drumlins, and crag and tail ridges are 
consistently oriented with valley-parallel long axes (Fig. 8). 
Well-developed streamlined topography (oriented towards 
095°) occurs in the Mesilinka River valley near the eastern side 
of 094C/05. Elia and Ferbey (2020) focussed on a subset of 
crag and tail ridges in this area for their investigation into the 
utility of high-resolution photogrammetric DEMs in surfi cial 
geology mapping (Fig. 10). Although outcrop-scale data like 
striations, rat tails, and roches mountonnées are sparse (Fig. 8) 
they agree with the landform record. For example, striations 
oriented 259°/079° to 270°/090° were observed on a bench on 
the south side of Mesilinka River valley.

The study area has a reticulate drainage pattern at a regional 
scale that is defi ned by an interconnected system of through 
valleys (Roots, 1954). These U-shaped valleys were cut by 
valley glaciers and contain subtle drainage divides that are 
below the treeline (Davis and Mathews, 1944). Modern fl uvial 
systems are constrained by these drainage divides, but valley 
glaciers during the Late Wisconsinan were not. These glac iers 
fl owed over these subtle divides, transporting glacial debris 
into neighbouring or adjacent drainages.

Fig. 10. Photogrammetric DEM of crag and tail ridges from the north side of Mesilinka River valley near the eastern boundary of 093C/05 (see 
Figure 8 for location). This image was generated in the fi eld using a remotely piloted aircraft system imagery (Elia and Ferbey, 2020). These 
glacially streamlined ridges indicate ice fl ow towards the east-southeast. Bedrock outcrops observed in the fi eld are identifi ed by ‘X’.

6. Summary and discussion
The Cordilleran Ice Sheet covered the Hogem batholith area 

during the Late Wisconsinan glacial maximum. At this time, 
ice fl owed east and southeast through the study area from 
an ice divide over the Skeena Mountains, ~100 km to the 
northwest. The ice sheet stage was short-lived for this sector of 
the Cordilleran Ice Sheet, and inter-valley transport of glacial 
debris at higher elevations was likely minimal. For most of the 
Late Wisconsinan, ice fl ow was controlled by topography, as 
recorded by landform- and outcrop-scale indicators, which are 
commonly aligned parallel to valleys. However, valley glaciers 
certainly fl owed over subtle through-valley topographic divides 
(that are now below the tree line), transporting glacial debris 
into adjacent drainages.

Glaciers deposited subglacial tills as they moved through the 
study area and hummocky melt-out tills during deglaciation. 
Although subglacial tills typically have a silty matrix, local 
sand-rich tills above mudstones in the Mesilinka Valley 
suggest that pre-glacial sands were glacially reworked and 
redeposited. Alternatively, the sand-rich tills may refl ect 
nearby, as yet unmapped, crystalline intrusions or other coarse-
grained bedrock capable of yielding sand-sized material. 
Signifi cant volumes of glacial meltwater moved through the 
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valleys of the study area during deglaciation, transporting 
coarse-grained sands and gravels. Much of this transport and 
deposition was subaerial (e.g., extensive outwash plains and 
terraces) but a component was also subglacial (e.g., eskers) 
or in contact with stagnant ice blocks (e.g., hummocky sands 
and gravels). Preliminary mapping shows that retreat-phase 
glaciolacustrine sediments in valley bottoms are conspicuously 
absent. Although some valley slopes are now vegetated and are 
stable, many are still actively building talus aprons and cones. 
Organic deposits occur throughout the study area, mostly as a 
transition zone between tree stands and water bodies. These 
deposits are also in well-defi ned and continuous anabranching 
to dendritic corridors that delineate retreat-phase glaciofl uvial 
meltwater systems. 

From a mineral exploration perspective, drift prospecting is 
a viable tool for assessing mineral potential in the study area. 
Subglacial till, the ideal sample medium for till geochemistry 
and mineralogy surveys, is common in valley bottoms and 
lower hillslopes. This glacially transported sediment is most 
easily observed along existing road and stream cuts but could 
also be sampled in hand-dug pits. Bedrock exposures are not 
limited to higher elevation or alpine sites. Local, discontinuous 
bedrock outcrop is common in valley bottoms and on hill 
fl anks and direct prospecting and mapping are possible. Below 
treeline, bedrock exposures can be diffi cult to predict and so 
are typically underrepresented in surfi cial geology mapping. 
However, outcrops can be found in mappable features such 
as modern stream banks and glaciofl uvial meltwater channels, 
and are found in the stoss (up-ice) ends of crag and tail ridges.
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Abstract
The Challis-Kamloops belt (early Eocene) includes graben-fi ll volcanic and sedimentary rocks that extend for about 2000 km from Challis in 

Idaho to central British Columbia and possibly, into southern Yukon. Mapping and sampling of the Kamloops Group in the south-central part of 
the belt indicates subaerial to subaqueous (lacustrine) volcanism, with volcanic facies in the type area including mega pillows, hyaloclastites, 
pahoehoe and aa fl ows, domes and phreatomagmatic cones. New geochemical data indicate that the rocks are calc-alkaline to weakly alkaline 
basaltic andesite to trachy-andesite, with adakitic characteristics. The major element compositions are infl uenced primarily by fractionation of 
pyroxene and olivine. The chondrite-normalized REE patterns are uniform and LREE-enriched, with relatively fl at HREE patterns. The rocks 
have primitive mantle-normalized trace element patterns that are arc-like with positive LILE and negative HFSE anomalies. A preliminary 
comparison of Kamloops Group geochemistry (new and previously published data), and published data from other Eocene units (Princeton and 
Penticton groups) of the Challis-Kamloops belt in south-central British Columbia indicates distinct geographic differences. The Kamloops and 
Princeton group melts may have been derived from the spinel-garnet transition zone in the subcontinental lithospheric mantle and infl uenced 
by slab-derived fl uids, whereas the Penticton Group shows trends toward anhydrous enrichment and may have been derived from a different 
source. Among the three groups there is a lateral decrease in Ba/La from west to east refl ecting a declining intensity of slab-derived fl uids from 
an Eocene subducting margin.

Keywords: Eocene, Kamloops Group, volcanic rocks, physical volcanology, geochemistry

1. Introduction
The Challis-Kamloops belt (Eocene) is a narrow (<200 km) 

discontinuous belt of graben-fi ll volcanic and sedimentary rocks 
that extends for about 2000 km from the Challis volcanic fi eld 
in Idaho through central British Columbia and possibly as far 
north as southern Yukon (e.g., Dostal et al., 2001, 2003, 2019; 
Bordet et al., 2014). In different parts of British Columbia these 
rocks have been referred to by different group-level names 
(Fig. 1; Kamloops, Penticton, Princeton, Ootsa Lake, Endako, 
Nechako Plateau, and Sloko); in southwest Yukon, the term 
Skukum volcanic complex is used (e.g., Morris and Creaser, 
2003). Magmatism in the belt continued from ca. 56 Ma 
(Ypresian) to ca. 47 Ma (Lutetian; e.g., Love et al., 1998; 
Bordet et al., 2014). Mineralization spatially and/or temporally 
associated with this magmatism includes local occurrences of 
porphyry Cu-Mo, epithermal-Au, coal, concentrations of REE, 
zeolite deposits, and aggregate (e.g., Love et al., 1998). The 
volcanism coincides with the Early Eocene Climatic Optimum 
(Smith et al., 2010; Zachos et al., 2001, 2008) and may have 
affected local if not regional to global climate.

The present study is part of a province-wide investigation 
of the Challis-Kamloops belt intended to better understand the 
drivers of Eocene volcanism and the relationships between 

volcanism, mineralization, and climate. We focus on the 
Kamloops Group, in the interior of south-central British 
Columbia (Fig. 1). Previous studies indicated that Kamloops 
Group volcanic rocks are mostly subaerial and lacustrine basalt 
to andesite fl ows, with lesser felsic volcanic and sedimentary 
rocks (Ewing, 1981a, b, c and 1982; Breitsprecher, 2002; 
Breitsprecher et al., 2003). Herein we present the preliminary 
results of mapping and sampling to more fully document the 
physical volcanology and geochemistry of the Kamloops 
Group in its type area, and to compare the geochemistry of the 
Kamloops Group to that of the Princeton and Penticton groups 
nearby. 

2. Setting and previous work
Magmatism in the Challis-Kamloops belt was during 

northeast-southwest extension of the Cordilleran orogen, 
which resulted in the generation of semi-isolated grabens that 
accumulated sedimentary and volcanic rocks (e.g., Ickert et al., 
2009). Various drivers have been suggested for the volcanism, 
including normal arc volcanism (Morris and Creaser, 2003), 
subduction angle migration and plate rotation (Haeussler et 
al., 2003), magmatism related to a slab-tear (Breitsprecher et 
al., 2003; Dostal et al., 2001, 2003, 2008, 2019; Madsen et al., 
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Fig. 1. Distribution of Eocene (ca. 56 to 47 Ma; Ypresian to Lutetian) volcanic and intrusive rocks of the Challis-Kamloops belt in British 
Columbia and location of study area. Grey dashed lines are Eocene dextral strike-slip faults.

2006; Ickert et al., 2009), plume-induced subduction initiation 
(Stern and Dumitru, 2019), and subduction termination and 
development of a slab gap (Bordet et al., 2014).

The Kamloops Group is an assemblage of Ypresian 
(ca. 52 Ma) volcanic and lesser sedimentary rocks exposed from 
between Cache Creek eastward to Kamloops and extending 
5-10 km to the north and south (Fig. 2). The rocks mostly overly 
Mesozoic basement of the Quesnel terrane with some in the east 
overlying North American basement. The Fraser fault (dextral 
strike slip) separates the Kamloops Group from the Ootsa Lake 
and Endako groups to the northwest (Fig. 1; e.g., Dostal et al., 
2001; Bordet et al., 2014). As will be discussed further below 
(section 5.3.), the boundary between the Kamloops Group and 
the Princeton and Penticton groups is arbitrary. 

The most comprehensive studies of the Kamloops Group 
were by Ewing (1981a, b, c; 1982) and Breitsprecher (2002). 
Ewing (1981a, b,1982) divided the Kamloops Group in its type 
area into the Tranquille Formation comprising the Border facies 
and the informal upper, middle, and lower members and the 

overlying Dewdrop Formation, subdivided into nine informal 
members (Fig. 3). Ewing (1982) produced a 1:50,000-scale 
map of the type area. Ewing (1981a, b) also contributed more 
detailed maps of the Savona area and the McAbee fossil beds 
(Tranquille Formation), a British Columbia Heritage site. 
Breitsprecher (2002) completed local mapping in eastern 
exposures of the Kamloops Group and, along with Dostal et al. 
(2019) contributed geochemical data.

Previous mapping indicated that the Tranquille Formation 
comprises lacustrine to deltaic coarse arkosic-lithic wackes 
(Border facies), shale, tuffaceous siltstone, and tuffs that are 
interbedded with fl ows, pillowed fl ows and hyaloclastites 
(Ewing, 1981a, b; 1982). The McAbee fossil beds, included 
within the Tranquille Formation, contain abundant fl ora and 
fauna (e.g., Smith et al., 2010; Greenwood et al., 2005; Lowe 
et al., 2018a, b; Mayr et al., 2019) and have been included in 
the Okanagan Highlands Lagerstätten (Archibald et al., 2011). 
This Lagerstätten, is signifi cant because it provides a record 
of the paleoecology and climate of the region during the Early 
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Eocene Climactic Optimum (Archibald et al., 2011; Greenwood 
et al., 2016; West et al., 2020). Ewing (1981a, b) correlated the 
McAbee beds to the “upper unit” of the Tranquille Formation 
based on their similar rock types. These beds were since ascribed 
to an unnamed member of the Tranquille Formation (Read 
and Hebda, 2009). The Dewdrop Formation is predominantly 
basaltic to andesitic sub-lacustrine to subaerial fl ows, fl ow 
breccias, cones, tuff rings and a composite cone (Ewing, 1981a, 
1982).

3. Field investigations of physical volcanology
The map and fi eld descriptions of the type area of the 

Kamloops Group by Ewing (1981a, b, 1982) were used as a 
basis for this sampling program. In general, the rocks are well 
exposed in much of the area, and primary structures are well 
preserved, but units are laterally discontinuous and informal 
members of the Tranquille and Dewdrop formations include a 
variety of volcanic facies. The coherent fl ows and intrusions 
tend to be more resistant than the fragmental units, which 
tend to be more recessive and form soil-covered slopes. With 
the exception of volcanic glasses that have been altered to 
palagonite, alteration is minimal. Our sampling focussed on 
two parts of the Kamloops Group type area, Kenna Cartwright 
Park, which is underlain by the Border facies of the Tranquille 
Formation and the Mara Hill and Kissick members of the 
Dewdrop Flats Formation, and Cinnamon Ridge exposures 
of the middle member of the Tranquille Formation. We also 
examined rocks of the Kamloops Group at the Nipple, Doherty 
Creek/Castle Butte, Red Plateau, Wheeler Peak, Mount Savona, 
and McAbee localities (Fig. 2).

3.1. Kenna Cartwright Park
3.1.1. The Lava fl ow fi eld; Mara Hill member, Drewdrop 
Flats Formation

The portion of Kenna Cartwright Park mapped by Ewing as 
the Mara Hill member of the Dewdrop Flats Formation (Figs. 2, 
3; Ewing, 1981a, 1982) comprises a section of stacked subaerial 
pahoehoe fl ows about 210 m thick covering an area of about 
2.5 km2. These fl ows are overlain by Quaternary sediments to 
the north and interfi nger with monolithic basaltic breccias of 
the Kissick member to the south (Fig. 2b). Individual fl ows are 
1.5 to 3 m thick, but pahoehoe toes are as thin as few cm to 
10 to 20 cm, with glassy chill margins 1 to 5 cm thick (Fig. 
4a). Flows are aphyric to sparsely plagioclase phyric and are 
sparsely vesicular (ca. 5%), with fl ow-aligned vesicles (2-4 cm 
long), and vesicle trails at the lower third of some of the 
thicker fl ows. However, some fl ow tops and individual fl ows 
are highly vesicular (20-30%) with spherical vesicles up to 3-4 
cm in diameter. Flow features are remarkably well preserved 
and include small tumuli, lava tubes, pahoehoe toes, and ropy 
pahoehoe surfaces (Fig. 4). The concentration of these features 
at the top of the sequence may indicate a decline in the lava 
supply rate and transition to tube-fed fl ows (e.g., Anderson et 
al., 2012), or be a function of exposure.

Other lava fl ows are south of the Lava fl ow fi eld and 
separated from it by outcrops of Kissick breccia and a west-
northwest trending fault. Ewing (1981a) considered these fl ows 
as possibly being part of the Border facies, the unit at the base 
of the Tranquille Formation (Figs. 2b, 3). These lava fl ows are 
aphyric, to sparsely pyroxene and plagioclase microphyric, and 
massive to sparsely vesicular. 

3.1.2. Kissick breccia member andesitic breccias, Dewdrop 
Flats Formation

The Kissick breccia member of the Dewdrop Flats Formation 
(Ewing, 1981a, 1982) forms an east-west trending ridge south 
of, and in contact with, the Lava fl ow fi eld (Fig. 2b), where 
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andesitic breccias occur stratigraphically above and below the 
fl ows. All of the breccias are monolithic but they differ in terms 
of volcanic structures and textures. 

Where the breccia is beneath the lava fl ows (Fig. 2b) it is 
a monolithic pillow breccia, comprising bulbous pillow forms 
up to 40 cm (Figs. 5a-c) with partial chill margins that are 
brecciated such that fragments are only slightly separated and 
display a jig-saw fi t. These broken pillow forms are mixed 
with a hyaloclastite of more blocky fragments ranging from a 
few mm to about 30 cm that appear to have been remobilized 
during and following fracturing (Figs. 5b, c). The breccias 
are clast-supported with a matrix of fi ner, mostly angular 
fragments. Beds, 0.5-1 m thick, display vague bedding defi ned 
by the alignment of elongate larger broken to more intact 
pillow fragments (Fig. 5a), with primary dips of about 20°. 
We interpret these breccias immediately beneath the Lava fl ow 
fi eld constitute a lava-fed lacustrine delta, primarily on the 

basis of the elongation and fracturing of some of the pillow-
like forms, depositional dips, mix of remobilized and jig-saw 
fi t breccias, and general similarity with deposits that have been 
described elsewhere (Skilling, 2002). The combination of in-
situ brecciation, as indicated by the jig-saw fi t of some clasts, 
and chaotic fragmentation and beds with primary dips suggests 
deposition at the topset to foreset transition. Conceivably, fl ows 
from the immediately overlying part of the Lava fl ow fi eld 
prograded over these breccias.

Breccias above the Lava fl ow fi eld at higher elevations on 
the ridge, are a monolithic mix of agglutinate (appearing to 
be deposits of more plastic ejecta) along with more angular 
breccias. Overall, this andesitic breccia is sparsely vesicular 
and aphyric, or sparsely plagioclase phyric. The breccias are 
massive, clast supported and poorly sorted with clast size 
ranging from 1 to 2 m in diameter down to coarse ash. Locally, 
hackly fractured lava bodies are surrounded by more coherent 

Fig. 4. Kenna Cartwright Park, fl ow features of the Lava fl ow fi eld (the Mara Hill member, Dewdrop Flats Formation. a) Thin pahoehoe toes 
with vitric margins (outlined) and aphanitic interiors. The eraser tube, set inside one of the pahoehoe toes, is 13 cm long. b) Synvolcanic dike, 
or squeeze-up through a lava fl ow. Hammer handle is 28 cm. c) Drain-away tubes with a small tumulus at the top of a thick pahoehoe fl ow. d) 
Intermingling fl ow toes showing drain-away features; a budding tube or toe on the right and a fi lled tube inside of a larger cavity on the left. The 
cavity on the lower left is about 30 cm in diameter.
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but internally fractured lava forming large pods up to 3-4 m 
long and 1-2 m thick. Surrounding monolithic breccias are 
similar to those elsewhere in the sequence but contain minor 
amounts of fi ner particles and are a mix of non-vesicular to 
highly vesicular fragments (Fig. 5d). Although glassy margins 
were not observed, the combination of deposit types resembles 
those formed along modern shorelines where aa fl ows enter 
a standing body of water (Yamagishi, 1991; Stevenson et al., 
2012). These breccias may represent a combination of phreatic 
fragmentation, possibly from rootless cones, autobreccias, and 
hydroclastic fragmentation (e.g., Walker, 1992; Reynolds et al., 
2015). 

3.2. Cinnamon Ridge pillowed fl ows and hyaloclastite 
(Middle member, Tranquille Formation)

Pillowed fl ows are well exposed at Cinnamon Ridge north 
of the Thompson River in the Tranquille River canyon, and 
a canyon east of the Tranquille River (Fig. 2a). The fl ows 
form resistant mounds and hillside outcrops of closely packed 
pillows of various morphologies which grade laterally and 
vertically (in places) to abundant monolithic and altered 
hyaloclastite breccia. The hyaloclastites weather more easily 
and form gentler slopes.

The pillows are primarily aphyric and up to 2.5 m in 
diameter, with the large size possibly indicating high lava 

Fig. 5. Kenna Cartwright Park, andesitic breccias and pillow breccias of the Kissick Formation (Dewdrop Flats Formation). a) Lower part of 
Kissick Formation, monolithic pillow breccias comprising spherical and broken andesitic pillow fragments in a poorly sorted matrix of angular 
fi ne ash to block (10-15 cm) vitric and aphanitic fragments with curviplanar margins. Vague bedding (from upper right to lower left) is defi ned 
by alignment of larger and more intact pillow fragments. b) Lower part of Kissick Formation, a larger pillow broken into polyhedral blocks 
as a result of quench fragmentation and remobilized following fragmentation, as indicated by the separation along the cracks. A portion of the 
formerly glassy selvage (S) remains attached though most spalled off during fragmentation. c) Lower part of Kissick Formation, broken pillow in 
the upper left with partial selvage (S) in a hyaloclastite matrix, as described in a). The two smaller fragments are outlined to show the curviplanar 
margins and jigsaw fi t of fragments. d) Upper part of Kissick Formation, andesitic fl ow lobe (outlined) internally broken into polyhedral blocks 
likely as a result of rapid cooling in contact with water, surrounded by a cogenetic monolithic breccia, similar to a) and c) but also containing a 
mix of both angular and bulbous forms, and non-vesicular to highly vesicular fragments; card  is 9 cm long.
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fl uxes (e.g.,  Hungerford et al., 2014). The pillows display 
two morphologies. In one variety, bulbous to spherical pillows 
become smaller upsection (Fig. 6a) and exhibit corrugated 
surfaces formed by expansion of the pillow after formation 
of the crust (Fig. 6b; see Yamagishi, 1987; Goto and McPhie, 
2012), a feature that is more common in higher viscosity lavas, 
which cause the crust to break rather than expand with infl ation 
(Walker, 1992). These pillows are solid, lacking central 
cavities, and exhibit a concentric structure defi ned by variations 
in colour and grain size (Fig. 6c). The spherical pillows are 
directly overlain by a thick (approximately 3 m) massive lava 
fl ow, lacking basal brecciation, suggesting either very high 
lava fl ux, or sudden draining of the lake in which the pillows 
formed. In the other variety, pillows are tubular and display 
more elliptical cross sections. These elliptical pillows exhibit 
radial fractures and are both fi lled and hollow with horizontal 
shelves refl ecting signifi cant infl ation followed by drainage 
(Fig. 6d; see e.g., Hungerford et al., 2014). In both varieties, 
palagonitic former glassy pillow margins are well preserved, 
and there is little inter-pillow hyaloclastite (Figs. 6c, d).

The hyaloclastite comprises angular fi ne- to coarse-lapilli 
that were formerly glassy and now altered to palagonite, in a 
matrix of clays formed by alteration of the hyalocastite. This 
type of hyalocastite is formed by quench fragmentation of 
effusively erupting lava encountering water (e.g., Yamagishi, 
1987). The fi eld relationships indicate that the hyaloclastites 
are spatially and temporally related to the pillows and likely 
formed about the same time due to quench fragmentation of 
pillowed fl ows. 

3.3. The Nipple
3.3.1. Nipple breccia, Dewdrop Flats Formation

At the type locality, north of the east side of Kamloops 
Lake (Fig. 2), the Nipple volcanic breccias (Fig. 7; Ewing, 
1981a), are exposed in a belt 0.25-1.5 km wide, and 3.5 km 
long, trending roughly N10°E with a cone-shaped edifi ce about 
300 m in diameter near the northern extent of the exposure 
(the Nipple). These breccias are the most mineralogically 
and texturally distinct rocks in the area. In general, they are 
olivine and pyroxene phyric (3-15%, mostly 2-3 mm, but up to 
1 cm) with plagioclase microlites (1-3%, increasing upsection), 
vesicular to scoriaceous, basaltic-andesite lapilli tuff to tuff 
breccia (Fig. 7a).

The thickest exposure of the Nipple is at the cone where the 
breccia is about 275 m thick. Exposures north and south of the 
cone are about 130 to 180 m thick. At the cone, the breccia 
consists primarily (98%) of lapilli- to bomb-sized clasts (75-
80%) that are blocky to rounded (breadcrust to cannonball 
morphologies; see e.g., Alvarado et al., 2011). The breccia is 
clast supported with fi ner coarse-ash and smaller lapilli-sized 
particles fi lling spaces between the cm-scale bombs. Matrix 
clays are the result of in-situ alteration of smaller fragments 
rather than depositional (Fig. 7a). Some of the clasts exhibit 
internal fracturing, possibly due to impact. Rare cognate clasts 
are angular (Fig. 7b), but otherwise similar to the juvenile 

clasts. Near the top of the exposure are larger bombs and bomb 
slabs, some draping the underlying breccia (Fig. 7c), and this 
inverse grading might signify a decrease in the explosivity as 
the cone evolved (e.g., Alvarado et al, 2011). Away from the 
cone, the pyroclastic breccias undergo a facies change to a 
fl ow breccia comprising a mix of large round, or pillow-shaped 
clasts up to about 10-30 cm that are internally brecciated with 
curviplanar fractures, and smaller blocky fragments down to 
coarse-ash in size (Fig. 7d) where it overlies thinly bedded and 
laminated tuffaceous sediments that were described by Ewing 
(1981a) as aquagene tuffs. 

3.3.2. Kissick breccias, Dewdrop Flats Formation 
The Kissick breccia overlies the Nipple breccia about 2 km 

south of the cone where it is best exposed as part of a resistant 
ridge (Figs. 2, 8). The breccia is heterolithic comprising about 
3-5% small, 1-4 cm angular accidental fragments of carbonate-
cemented siltstone, and 95% andesitic juvenile and cognate 
pyroclastic fragments. The juvenile and cognate fragments, 
though compositionally monolithic, display a variety of 
morphologies ranging from ameboid (Fig. 8c) to more 
angular broken bomb-shaped fragments, some of which have 
scoriaceous cores. The matrix is poorly sorted (lapilli to coarse-
ash-size) and comprises angular, non-vesicular fragments with 
curvilinear margins (Figs. 8d-e). In places nearby fragments 
show a jig-saw fi t, and some display 1-3 mm thick reaction 
rims. The unit is very vaguely bedded, with bedding defi ned 
by the long axes of some of the larger fragments (Fig. 8d). In 
contrast to the Kissick member observed at Kenna Cartwright 
Park (Figs. 2a, 5), the breccias here are interpreted to 
represent emplacement of an andesitic dome or sub-volcanic 
intrusion. These features may record interactions of rising 
magma with water, causing varying degrees of magmatic and 
phreatomagmatic to hydroclastic and autoclastic fragmentation 
(see e.g., Smellie et al., 1998). 

3.4. Doherty Creek and Castle Butte, Dewdrop Flats 
Formation

The Doherty Creek member is exposed northwest of Kamloops 
Group type area, where it is in gradational contact with the 
Castle Butte member along its southern margin (Figs. 2, 3). 
From a distance the fl ows appear to form relatively continuous 
layers with gentle depositional dips (Fig. 9a). In detail, the fl ows 
are highly brecciated, discontinuous along strike, and intruded 
by northeast-trending dikes that dip steeply to the north and 
form distinct ridges (Fig. 9b). Near the contact with the Castle 
Butte member, a coherent Doherty Creek member fl ow about 
3 m thick (Fig. 9c) changes vertically and laterally from an 
autobreccia to hyaloclastite breccia. The fl ow is aphyric, and 
sparsely vesicular with 1-3 mm diameter spherical vesicles 
comprising 5% of the fl ow, along with larger gas cavities 0.5 
to 1 m in diameter that are fi lled and lined with quartz. Above 
this fl ow are several metres of coarse breccia which may be an 
autobreccia, similar to the Red Plateau member (section 3.5.; 
Figs. 9d, e). This breccia of the Doherty Creek member fi nes 
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Fig. 6. Cinnamon Ridge pillowed fl ows showing two different morphologies. a) Bulbous, closely packed pillows showing an overall decrease in 
size upward. Behind the pillows is a slump block (sb) of tube-fed pillows, tuff (t), and a dike (d). The scale bar is 1 m. b) Corrugated surface of 
a pillow likely formed by expansion of the interior of the pillow after formation of the initial crust. The smooth broken crust (bc) is on both sides 
of the of the corrugated surface. The bar scale at the tip of the walking stick is 1 cm. c) Concentrically zoned pillows with more elongate shapes, 
and minimal inter-pillow breccia. The walking stick is 1.1 m. d) Tubular pillows showing radial cracks, and one hollow tube (back right). The 
card at the bottom of the photo is 9 cm long.

along strike to the east where it was previously mapped as the 
Castle Butte member (Ewing, 1982). Within the Castle Butte 
member lakebed shales form an isolated pod about 10 by 5 m 
that is overlain by a felsic tuff forming a discontinuous bed 5 m 
thick, which in turn is overlain by fi ne hyaloclastite. 

3.5. Red Plateau member, Dewdrop Flats Formation 
The Red Plateau member was mapped as an upper unit of 

the Dewdrop Flats Formation (Fig. 3; Ewing, 1981a). Where 
observed at two sites near the Red Plateau (Fig. 2), this unit 
forms a series of andesitic fl ows more than 2.5 m thick. These 
fl ows are dark grey and primarily plagioclase phyric with 
plagioclase crystals up to 1 cm. The fl ows have massive, 
sparsely vesicular interiors, some being highly crystalline, 
and brecciated fl ow tops about 1-2 m thick (Fig. 10a). The 
fl ow top breccias comprise angular to subangular scoriaceous 
fragments 1-30 cm with no matrix (Figs. 10b, c). There are 

sparsely disseminated sulphides in one of the fl ows at Wheeler 
Peak. The Red Plateau member covers an aerial extent of about 
50 km2, which is about 25% of the type area of the Kamloops 
Group (Ewing, 1981a, 1982). 

3.6. Opax breccia member, Dewdrop Flats Formation 
The Opax breccia is the uppermost member of the Dewdrop 

Flats Formation (Fig. 3; Ewing, 1981a). It is exposed in fi ve 
separate localities on hilltops, forming a roughly east-west 
trend, where it overlies the Red Plateau member at all except 
the northwest corner of the type area where it overlies the 
Doherty Creek member (Ewing, 1981a, 1982). The Opax 
breccia at Wheeler Peak (Fig. 2), is monolithic, poorly sorted, 
and clast supported with little matrix. Fragments are andesitic, 
grey, vitric to aphanitic, angular, mm to a few cm in size and 
internally brecciated. Some of the vitric fragments exhibit 
fl ow banding. The apparent matrix is caused by alteration, 
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Fig. 7. The Nipple breccia (Dewdrop Flats Formation). a) Pyroclastic fragments near the base of the pyroclastic cone showing the spherical 
shape of some ejecta, and the variation in size of ejecta. The clay matrix is not depositional, but the result of in-situ alteration of fi ner vitric 
fragments (i.e., pseudomatrix). b) Angular cognate clast in the mid-portion of the Nipple breccia. c) Large slabs and bombs at the top of the 
cone. d) Hyaloclastite fl ow breccia showing one large fragment that is internally brecciated.

and alteration rims 1-2 mm thick are evident on some of the 
fragments (Fig. 10d). Though the area is largely barren of 
mineralization, fi nely disseminated sulphides occur in some 
of these rocks. Based on major element geochemistry (Ewing, 
1981a, c), the Opax breccia is a trachyandesite, making it the 
most silicic unit in the Kamloops Group type area. 

4. Geochemistry
Samples for whole rock geochemistry were collected from 

multiple Kamloops Group exposures between 2017 and 2019 
(Fig. 2). Below we summarize the results from only two sites, 
Kenna Cartwright Park (two fl ow samples from the Border 
facies at the base of the Kamloops Group; six samples from 
the Mara Hill member of the Dewdrop Flats Formation) and 
Cinnamon Ridge (two pillowed fl ows from the middle unit of 
the Tranquille Formation; Fig. 2). We avoided collecting from 
more heterolithic pyroclastic units to better enable petrogenetic 
interpretations. A full description of the analytical methods and 
the complete dataset will be presented elsewhere (Van Wagoner 
and Ootes, 2021).

4.1. Methods 
Clean, alteration-free samples were submitted to Actlabs 

in Ancaster, Ontario, for bulk-rock major, trace, and rare 
earth element analysis. At Actlabs, samples were crushed 
to pass 2 mm, mechanically split using a rifl e splitter, and 
pulverized using mild steel to 95% passing 105 μm (Code RX-
2). Major element oxides were determined using inductively 
coupled plasma optical emission spectroscopy (ICP-OES) and 
trace element concentrations were determined using fusion 
inductively coupled plasma mass spectrometry (ICP-MS; Code 
4 Lithoresearch). Measurement accuracy was determined using 
certifi ed standards provided by Actlabs and blind samples of 
the British Columbia Geological Survey till standard. 

4.2. Results
Based on the total alkali-silica (TAS) diagram (re-calculated 

to 100% volatile-free basis), the Kamloops Group rocks are 
classifi ed as andesite to dacite (Fig. 11a). The samples have 
2.37 to 8.41% loss on ignition and because of the high volatile 
content this study relies mostly on the immobile trace elements 
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Fig. 8. The Kissick breccia (Dewdrop Flats Formation) where it overlies the Nipple breccia. a) At the ridge top, a typical exposure of possible sub-
volcanic intrusions in the type area; in foreground are Quaternary drift deposits exposed in a road cut. b) Close up of a) showing sub-horizontal 
joints. c) Ameboid-shaped volcanic fragment with internal polyhedral joints. The smaller fragments in the matrix are the same composition and 
shape as the fragments comprising the larger form. The dark fragment near the point of the hammer is relict glass. d) Two tabular fragments on 
the right side of the photo are aligned parallel to vague bedding. The lower fragment is lighter coloured aphyric, aphanitic andesite, the upper 
is relict glass; both are internally brecciated. The outlined fragment displays a cuspate-lobate outline, preserves a vitric margin, exhibits fl ow 
banding, and is internally fractured. e) Broken bomb with scoriaceous interior surrounded by breccia.
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to classify the rocks (e.g., MacLean and Barrett, 1993). All of 
the rocks plot in the calc-alkaline fi eld in a tholeiitic versus 
calc-alkaline discrimination diagram (Fig. 11b). They range 
from basalt to basaltic-andesite and trachy-andesite and are 
subalkaline to weakly alkaline; four of the fl ows from the Lava 
fl ow fi eld are the most alkaline (Fig. 11c). 

The rocks span a range of SiO2 from 59 to 66 wt.% 
(recalculated to 100%, LOI free; Figs. 11, 12). In general, 
there is an increase of SiO2 with Na2O+K2O (Fig. 11a), but 
little relationship between SiO2 and Al2O3 (Fig. 12a). There is 
an inverse relationship between MgO and SiO2, and a slight 
decrease in FeO(T), and TiO2, which is less clear. However, 
there is a distinct positive increase of CaO/Al2O3 with increasing 
CaO (Fig. 12f). Similarly, immobile compatible elements Co, 
Cr, V, Ni, and Sc decrease with increasing Zr/TiO2, used here 
as an indication of fractionation (Fig. 13), but the relationship 
with Sr is less clear. Relative to chondrite, the rocks are light-

REE (LREE) enriched (La/Yb)N=13-22) with a relatively fl at 
heavy-REE (HREE) pattern (Dy/Lu)N=1.4-1.7) and no Eu 
anomalies (Fig. 14a). Relative to primitive mantle, all of the 
rocks are enriched in large ion lithophile elements (LILE), with 
prominent positive Ba, K, and Pb anomalies, and to a lesser 
extent U and Sr, and with enrichment of the LREE with respect 
to the HREE. High fi eld strength elements (HFSE) Nb and Ta 
display negative anomalies, without distinct negative Zr or Ti 
anomalies (Fig. 14b). 

Strontium values are relatively high, from 453-1144 ppm 
(Fig. 13f) and Ba ranges from 1205 to 2022 ppm, with the 
highest values being from the two pillowed fl ows. The samples 
are enriched in the fl uid mobile LILE, compared with the 
less fl uid mobile HFSE and REE (e.g., Ba/La; section 5.3.). 
Conversely, these samples have low immobile to mobile 
element ratios (e.g., Ce/Pb [9-11]), and immobile incompatible 
element ratios (e.g., Th/Yb, Nb/La; section 5.3.). Most of the 

Fig. 9. The Doherty Creek member (Dewdrop Flats Formation) near Doherty Creek. a) General exposure of the Doherty Creek member. b) Flow 
breccia (fb) cut by vertical dike with near-horizontal columnar joints. c) Core of an aa fl ow surrounded by autobreccia. d) Close up of autobreccia 
showing a combination of angular and more spherical fragments and a combination of highly vesicular fragments (mostly intensely weathered) 
and dense non-vesicular fragments. Clay material between fragments formed by weathering of fi ner particles and is not depositional matrix. e) 
Breccia that has features resembling hyaloclastite, particularly fragments with curviplanar margins and internal fractures.
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rocks have adakite-like compositions in terms of relatively 
high SiO2, Al2O3, Na2O, and MgO (Figs. 11a, 12). All have 
Sr >400 (Fig. 13), and all but one sample has Sr/Y >40, Yb <1.9, 
and La/Yb >20. Absolute values of Y are up to 22 ppm, slightly 
higher than typical adakites (Zhang et al., 2019).

5. Discussion 
5.1. Physical volcanology

The Kamloops Group volcanic rocks include a combination 
of effusive and explosive volcanic rocks that preserve evidence 
for magma-water interaction. This includes phreatic and 
phreatomagmatic textures and a variety of in-situ hyaloclastites. 
Some of the volcanic horizons are associated with lakebed 
sediments and water-lain tuffs, but little evidence of peperitic 
breccias was observed during sampling. The sedimentary 
rocks and pillow basalts provide evidence of sub-aqueous 
volcanism, but specifi c relationships of the lakes to volcanic 

activity remains unknown. For example, did the lakes originate 
solely in graben topographic lows or might some be related to 
lava fl ow dams or caldera? Forthcoming facies mapping and 
volcanological studies will clarify volcanic processes and the 
three-dimensional evolution of volcanism of the Kamloops 
Group, along with its extent and relationship to coeval 
volcanism of south-central British Columbia. 

5.2. Fractionation trends
The variation diagrams can be used as an indication of the 

relative importance of fractionating phases. The positive 
relationship of increasing CaO/Al2O3 to CaO (Fig. 12f) 
is indicative of pyroxene fractionation. The decrease of 
Co, Cr, and Ni with Zr/TiO2 (Fig. 13) refl ects olivine and 
pyroxene fractionation. There is a slight decrease of FeO(T) 
with increasing SiO2 (Fig. 12c) and Ti with Zr (not shown) 
suggesting some fractionation of Fe-Ti oxides. The decrease 

Fig. 10. Red Plateau member (a-c) and Opax breccia member d) (Dewdrop Flats Formation. a) Thick fl ow showing the contact (dashed white 
line) between the more massive part of the fl ow and overlying autobreccia. b) Highly scoriaceous fl ow top breccia with lichen exploiting 
vesicles. Fragments are angular to subspherical there is no matrix. c) Autobreccia that is less scoriaceous than b), with a mix of clast sizes and 
vesicularity. Some of the fragments are outlined to show a combination of spherical fragments lacking internal brecciation and more angular 
fragments that also display internal fragmentation. d) Opax breccia showing fl ow banding in some fragments and an altered matrix.
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of V with increasing Zr/TiO2 (Fig. 13c) is prominent and may 
be partially controlled by Fe-Ti oxide fractionation. However, 
V also partitions into clinopyroxene and amphibole, although 
partition coeffi cients of V are infl uenced by oxygen fugacity, 
volatile phases, and temperature (Laubier et al., 2014; Wang 
et al., 2019; Iverson et al., 2018), as does Sc (Vander Auwera 
et al., 2019). The strong decrease of both Sc and V with Zr/
TiO2 (Fig. 13), suggests that pyroxene and probably amphibole 
fractionation infl uenced their concentrations. The lack of 
a strong co-variation of Al2O3 with SiO2 (Fig. 11a) and lack 
of negative chondrite-normalized Eu anomalies (Fig. 14a) 
indicates that plagioclase was not an important fractionating 
phase compared with olivine and pyroxene. The absence of a 
relationship between P2O5 and SiO2 (Fig. 12e) indicates that 
apatite fractionation was insignifi cant. 

5.3. Geochemical comparison of the Kamloops, Princeton, 
and Penticton groups

Eocene volcanic rocks in southern British Columbia 
are separated into the Kamloops, Princeton, and Penticton 
groups (Fig. 15). However, the basis for this separation and 
the stratigraphic relationships between these units remains 
unclear. Geochemistry, paired with stratigraphic mapping, 
and high-precision geochronology has the potential to address 
this problem. Although data are sparse, particularly from the 
Penticton Group (Fig. 15), some fi rst-order comparisons can 
be made.

Rocks of the Penticton Group are potassic, alkaline basaltic 
trachyandesites to tephriphonolites (Dostal et al., 2003). The 
Kamloops and Princeton groups are mostly calc-alkaline to 
moderately alkaline (Figs. 11b, c; Breitsprecher, 2002; Ickert et 
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al., 2009), and both have adakitic characteristics. Rocks from 
all three units are LREE enriched, with fl at HREE chondrite-
normalized patterns, and have similar primitive mantle-
normalized trace element characteristics, with the major 
difference being the negative anomalies of Nb and Ta that are 
lowest in the Princeton Group and minimal in the Penticton 
Group (Fig. 14). 

Trace element ratios can give an indication of the mantle 
source and depth of melting. Almost all the rocks from all 
three groups have fl at HREE patterns and steep LREE patterns 
with some variations (Figs. 14, 16a). The REE patterns for the 
Kamloops Group are fairly uniform and the Princeton Group 
parallel, but with lower total REE and less enrichment of 
the LREE (Figs. 14, 16-18). The Penticton Group has higher 
LREE enrichment, related to smaller degrees of partial melting 
(Figs. 14, 16-18). The overall LREE-enriched and fl at to 
slightly elevated HREE patterns indicates variable amounts of 
garnet in the source (Fig. 16a; see Wang et al, 2002; Davidson 

et al., 2007; Keskin et al., 2012; Maro and Caffe, 2016; Dostal 
et al., 2019). 

Melts that form in equilibrium with amphibole have lower Rb/
Sr and higher Ba/Rb than those that form in equilibrium with a 
phlogopite-bearing source (Fig. 16b; e.g., Furman and Graham, 
1999; Liang et al., 2017). All of the rocks display ratios that 
are consistent with an amphibole-bearing source (Fig. 16b). 
The probable source for the Kamloops Group was amphibole-
bearing lherzolite near the garnet-spinel transition, at depths 
of 70-90 km (Dostal et al., 2019), with consistent degrees of 
partial melting (Figs. 16a-c). The low Nb and other HFSE, 
which are depleted in the lithospheric mantle with respect to 
LREE, do not support an asthenospheric mantle source for 
the three groups (Fig. 16c; Bradshaw and Smith, 1994; Smith 
et al., 1999; Aydinçakir and Sen, 2013). Similarly, there is 
no evidence that they fall on a MORB-OIB array (Fig. 16d). 
The geochemical data support an origin in the subcontinental 
lithospheric mantle.
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The primitive mantle-normalized trace element patterns 
(Fig. 14d) are typical of subduction-related rocks (Dostal et al., 
2003; Ickert et al., 2009). The Kamloops and Princeton groups 
have low Nb/La and variable Th/Nb (Fig. 17a) indicating that 
fl uids had a role in the melt source. The Penticton Group has 
high Nb/La and uniform Th/Nb (Fig. 17a) indicating less of 
a role by hydrous fl uids in the melt source. The variable Ba/
La and low Th/Nb of the Kamloops and Princeton groups 
further indicate a role for slab-derived fl uids in the melt source, 
whereas the Penticton Group is more strongly infl uenced 
by sediment contamination or sediment in the melt source 
(Fig. 17b; see e.g., Walker et al., 2000, 2001; Woodhead et al., 

2001). The Penticton Group Ba/La is still relatively high and 
indicative of an arc affi liation (e.g., Michelfelder et al., 2013). 
Similarly, the Princeton and Kamloops groups trend toward 
Ba/Th enrichment, whereas the Penticton Group rocks have 
consistently low values (Fig. 17c). The U/Nb is not affected by 
crystal fractionation, such that signifi cant increases in this ratio 
with SiO2 can be used as an indication of crustal contamination 
(Fig. 17d; e.g., Krienitz et al., 2006; Dostal et al., 2019). 
Crustal contamination is more evident in the Princeton Group 
than in the Kamloops Group, but does not appear to have been 
signifi cant for either unit (Fig. 17d). Overall, the Penticton 
Group rocks have trace element signatures that are more 
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indicative of a mantle source infl uenced by anhydrous, melt 
induced metasomatism, whereas the Kamloops and Princeton 
groups refl ect melting of a hydrous mantle source enriched by 
slab-derived fl uids (Figs. 17 a-c). 

Dostal et al. (2003) argued against crustal contamination as 
the cause of the trace and REE characteristics of the Penticton 
Group and interpreted their evolved Nd and Sr isotopes to 
refl ect melting of metasomatized Precambrian subcontinental 
lithospheric mantle. The adakitic compositions of the Princeton 
Group were interpreted by Ickert et al. (2009) to refl ect partial 
melting of basaltic dikes in the lithosphere, with juvenile Nd 
isotopes indicating no role for Precambrian the subcontinental 
lithospheric mantle. Breitsprecher et al. (2003), Dostal et al. 
(2003), and Ickert et al. (2009) suggested that the source of 

heat may have been upwelling asthenosphere through a slab 
window, or slab tear. 

Figure 18 shows plots across (longitude) and along (latitude) 
the volcanic belts. From west to east Ba/La decreases (Fig. 18a); 
a similar decrease is lacking from south to north (Fig. 18b). 
The lateral change in Ba/La has been shown to be a good 
indicator of regional variations across arcs, refl ecting declining 
intensity of fl uid fl ux from the subducting slab (e.g., Patino et 
al., 2000; Michelfelder et al., 2013). From west to east Sr/Y 
decreases (Fig. 18c), with the highest values in the Penticton 
and Princeton groups. From south to north there is a distinct 
decrease in Sr/Y (<100) near 50°N (Fig. 18d). Ickert et al. 
(2009) attributed the high Sr/Y values of the Princeton Group 
to melting of basaltic dikes in the lithospheric mantle whereas 
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Dostal et al. (2003) suggested that the high Sr values are due 
to partial melting of a previously metasomatized Precambrian 
lithosphere. Chondrite-normalized La/Sm increases from west 
to east (Fig. 18e), but this is controlled in part by more felsic 
rocks of the Kamloops Group in the east; La/Sm does not 
decrease from south to north (Fig. 18f). Again, the Penticton 
Group rocks stand out and are best interpreted as refl ecting 
different source conditions. Forthcoming geochemical data 
from this study will help to further evaluate these trends and 
guide future geochemical testing.

5.4. Climatic considerations
The Early Eocene Climatic Optimum (EECO) had a warmer 

climate than today (Fig. 19; Zachos et al., 2001, 2008; Smith et 
al., 2010; Hyland et al., 2018; Anagnostou et al., 2020; Inglis 
et al., 2020; Stokke et al., 2020). The early onset of the EECO 
is marked by the Paleocene-Eocene thermal maximum (PETM; 
Fig. 19). Although there is evidence linking volcanism to the 
onset and termination of the PETM (e.g., Stokke et al., 2020), 
the relationship of volcanism to the overall EECO remains 
unclear (e.g., Anagnostou et al., 2020). The Challis-Kamloops 
belt is but one of a number of regions in the world that witnessed 
volcanism during the latest Paleocene through early Eocene 
(e.g., Reagan et al., 2013; Gaina and Jakon, 2019; Stokke et 

al., 2020), but the potential contribution to climate fl uctuations 
are unknown. Integrated studies of Kamloops Group volcanism 
will help constrain the volumes of melt production, duration, 
and its contribution of volatiles to the Eocene atmosphere.

6. Further work
This preliminary report is part of ongoing larger study of 

Eocene volcanic rocks in British Columbia. Through detailed 
physical volcanology, including volcanic architecture and 
lithofacies relationships, lithogeochemistry, and radiometric 
age-dating, this project aims to further contribute to the 
following.

• Re-evaluate and clarify the nomenclature and 
correlations of volcanic complexes in south-central 
British Columbia. 

• Develop a lateral and stratigraphic context for the 
volcanic rocks through mapping, geochemistry, and 
geochronology. 

• Test the potential contribution of these volcanic 
complexes to climate change during the EECO by 
developing temporal, volume, and volatile fl ux models.

• Further evaluate the relationship of volcanism to 
mineralization.

Fig. 19. Age vs. δ18O‰ (Benthic foramineral). The δ18O‰ values are a proxy for average sea water temperature, plotted at right, before the 
growth of the Antarctic ice sheet at ca. 35 Ma. The blue fi eld shows that the Challis-Kamloops belt volcanism overlaps with the Early Eocene 
Climactic Optimum. PETM – Paleocene-Eocene thermal maximum. Modifi ed from Zachos et al. (2008).
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Abstract
Recent geologic mapping, new U-Pb zircon and Re-Os molybdenum geochronology, and an intensive drilling program provide the framework 

for two signifi cant recent exploration discoveries on the Tatogga property, in the Iskut district of northwestern British Columbia. These data help 
to establish the Late Triassic to early Middle Jurassic evolution of host rocks, mineralization, syn- to post-mineral intrusions, and structures. 
Although mineralization at both the Saddle North porphyry copper-gold deposit and the Saddle South epithermal precious metals vein system 
is spatially related to latest Triassic to earliest Jurassic monzonitic intrusive rocks (including the Saddle North intrusive complex of the Tatogga 
suite), the property is underlain mainly by Upper Triassic and Lower Jurassic volcanosedimentary rocks of the Stuhini and Hazelton groups. 
Marine arc volcanic and related sedimentary rocks of the Stuhini Group were deposited in the Late Triassic, starting by at least ca. 224 Ma and 
continuing until after ca. 206 Ma, possibly from a magmatic centre near the Saddle North area. Although an abundance of hornblende- feldspar-
phyric volcanic rocks is typically known as a hallmark of the Hazelton Group, our work indicates that common trachyandesitic or latitic rocks 
with abundant very fi ne-grained feldspar and subordinate hornblende are part of the Stuhini Group. Between ca. 206 and 202 Ma Stuhini Group 
rocks were intruded by partly coeval Tatogga suite plutonic rocks. Epithermal vein mineralization at Saddle South is considered to predate 
emplacement of these monzonitic intrusions and thus is thought to be older than the porphyry copper-gold mineralization that is genetically 
related to later phases of the monzonitic Saddle North intrusive complex. As indicated by clast compositions of Hazelton Group conglomerates 
and a structural discordance between the Stuhini Group on the southern part of the property and the Hazelton Group to the north, the Stuhini-
Hazelton transition was marked by contractional deformation, uplift, and erosional stripping (all possibly related to early movement along the 
Poelzer fault), as has been documented elsewhere in northern Stikinia. Following renewed arc activity and shallow-marine to subaerial deposition 
of Hazelton Group volcanosedimentary strata, the later stages of Hazelton Group magmatism included intrusion of Early Jurassic felsic dikes 
(ca. 187 to 182 Ma) in west-northwest trending swarms that cut across folds in Stuhini Group rocks. Further contractional deformation affected 
both the Hazelton and Stuhini group rocks in the Cretaceous, during formation of the Skeena fold-thrust belt, and may locally have reactivated 
earlier structures. In the Late Cenozoic, mafi c dikes fed volcanic fl ows and tuffaceous rocks exposed in the upper  Klastline River valley. 

Keywords: Stuhini, Hazelton, Iskut, Tatogga, Saddle North, Saddle South, Klastline River, porphyry Cu-Au, epithermal Au-Ag vein, sub-
Hazelton Group unconformity, Poelzer fault, Golden Triangle, GT Gold Corp.

1. Introduction
Stikine terrane (Stikinia) is an oceanic island arc 

tectonostratigraphic unit consisting of mid-Paleozoic to 
Middle Jurassic rocks that underlie much of western British 
Columbia. Stikinia is the largest of numerous allochthonous 
to parautochthonous terranes that were accreted to the western 
margin of North America by the late Middle Jurassic to form 
the Intermontane Belt of the Canadian Cordillera (Coney et al., 
1980; Monger et al., 1982, Nelson and Colpron, 2007). Most 
workers accept that Stikinia was subsequently consolidated 
with outboard terranes of the Insular Belt to the west (Wrangell 

and Alexander terranes), in the latest Jurassic to mid-Cretaceous 
(e.g., Gehrels et al., 1996).

In the Iskut district of northwestern British Columbia, and 
part of a loosely defi ned precious metals-rich area commonly 
referred to as the ‘Golden Triangle’, the Tatogga property (GT 
Gold Corp.) is underlain by Stikine terrane rocks (Figs. 1, 2). 
Exploration by GT Gold Corp. from 2016 to 2018 culminated 
in the drill discovery of signifi cant new mineralized zones, the 
Saddle North porphyry copper-gold deposit and the Saddle 
South epithermal precious metals vein system (Greig et al., 
2020). Although mineralization at both deposits is spatially 
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Fig. 2. Legend for Figure 1.

related to latest Triassic to earliest Jurassic monzonitic intrusive 
rocks (Tatogga suite), the property is underlain mainly by Upper 
Triassic and Lower Jurassic volcanosedimentary rocks of the 
Stuhini and Hazelton groups. The intrusive bodies and both 
of these supracrustal units are a focus of exploration, and the 
property provides an excellent locale to establish stratigraphic, 
structural, and temporal relationships of these rocks and their 
connections to mineralization. These relationships may mirror 
those across a key transitional interval in the tectonic and 
metallogenic history of northern Stikinia. Herein we report the 
results of mapping, drilling, and preliminary geochronologic 
studies of Triassic and Jurassic volcanosedimentary and allied 
intrusive rocks that host the mineral systems at the Tatogga 
property.

2. Geologic setting
Previous regional mapping in northern Stikinia, including 

in the northern Klastline Plateau where the Tatogga property 
lies (Figs. 3, 4) emphasized that Stuhini Group rocks are 
characterized by abundant pyroxene-bearing volcanic rocks 
(e.g., Souther, 1972; Ash et al., 1997a, b; Nelson et al., 2018). 
In the absence of age control, this characteristic, together with 
the presence of abundant marine sedimentary rocks, has helped 
to distinguish rocks assigned to the Stuhini Group (Upper 
Triassic) from those assigned to another island arc assemblage, 
the Hazelton Group, in which hornblende- feldspar-phyric 
volcanic rocks are considered characteristic. On this basis, 
most more recent previous work (e.g., Ash et al., 1997a; 
Miller and Smyth, 2015; Nelson et al., 2018) has shown much 

of the Klastline plateau and the southern part of the Tatogga 
property as being underlain by rocks in the lower part of the 
Hazelton Group, which Nelson et al. (2018) referred as the 
Klastline formation. However, regional pre-Hazelton Group 
contractional deformation (e.g., Greig, 2014) recognized in 
other parts of Stikinia, for example to the west near Telegraph 
Creek (e.g., Brown and Greig, 1990; Brown et al., 1996), to 
the south in the Sulphurets camp (Henderson et al., 1992), 
to the south and east at Oweegee dome (Greig, 1992; Greig 
and Evenchick, 1993) and in the Kinskuch Lake area south of 
Stewart (Greig, 1992; Miller et al., 2020) is also expressed in 
the Tatogga area, helping us distinguish between rocks of the 
Stuhini and Hazelton groups. 

Upper Triassic and older rocks in the Iskut district are cut 
by latest Triassic to earliest Jurassic monzonitic intrusive rocks 
of the regionally developed Tatogga suite. On the Tatogga 
property they are part of a more extensive east-west trending 
mineralized magmatic belt that are referred to locally as the 
Saddle intrusions, with the porphyry copper-gold mineralization 
at Saddle North largely hosted by intrusive phases collectively 
known as the Saddle North intrusive complex. The belt of 
Saddle intrusions include intrusive rocks immediately to the 
west in the footwall of the Saddle South zone, farther westward 
at the adjacent Castle property, and possibly to the east at the 
North Rok property and the Red Chris mine, where intrusive 
rocks and mineralizing systems that are broadly coeval with 
those at Saddle are found (e.g., Rees et al., 2015; Zhu et al., 
2018; Greig et al., 2021; Figs. 3, 4). Other nearby intrusive 
rocks in the Iskut district, including in the Edon and Todagin 
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plateaus to the north and east of the Klastline plateau, have 
been informally referred to as the Red suite, with individual 
bodies given local names, such as the Red stock (Rees et al., 
2015), the Groat stock (e.g., Friedman and Ash, 1997), and the 
Castle stock (Bradford and Barresi, 2013). Although we favour 
the name Saddle intrusions, we also recognize the rationale 
behind, and the need for, a unifying and more regional name, 
such as Tatogga suite, as proposed by Nelson et al. (2018).

In the Iskut district, rocks in the upper part of the Hazelton 
Group commonly overlie the intrusions and their host rocks 
(e.g., Rees et al., 2015; Figs. 3-5). The upper Hazelton Group 
rocks are also commonly overlain by still younger rocks of the 
Bowser Lake Group (Middle Jurassic to mid-Cretaceous), or 
by Late Cenozoic volcanic rocks. In contrast to areas to the 
south, the structural grain in the region follows a more or less 
east-west trend (Figs. 3-5), aligned with the Skeena fold-thrust 
belt (mid-Cretaceous; Evenchick, 1991) and well displayed in 
Bowser Lake Group strata (Figs. 1-5).

3. Stratifi ed rocks
3.1. Stuhini Group (Upper Triassic)

Much of the Klastline Plateau south of the Saddle zones is 
underlain by stratifi ed Upper Triassic to (possibly) lowermost 
Jurassic rocks that we assign to the Stuhini Group (Fig. 4). 
New geochronological data from the area suggest that these 
rocks range from at least ca. 224 Ma (crystallization age) 
to ca. 206 Ma (maximum detrital zircon age; see section 5 
below; Greig et al., 2021). Assignment to the Stuhini Group 
is supported by Upper Triassic (Ladinian?-Norian) marine 
macro- and micro-fossils found locally in rocks at the southern 
part of the property (Unit uTSsf below; Souther, 1972; Ash et 
al., 1996). 

Based on predominant rock types, we divided Stuhini Group 
rocks into four units, which may be considered as facies 
assemblages (Figs. 4, 5): 1) unit uTSv, with poorly-stratifi ed 
coarse-grained fragmental volcanic deposits and interbedded 
fl ows; 2) unit uTSvtf, with variably well-stratifi ed pyroclastic 
rocks; 3) unit uTSsvc, with well-stratifi ed pyroclastic rocks 
that are interbedded with epiclastic strata; and 4) unit uTSsf, 
with mainly epiclastic strata. We emphasize that lithotypes 
interfi nger, repeating in time and space, and that each of these 
units contains strata that are indistinguishable from the main 
lithotypes of the other units.

3.1.1. Map units uTSv and uTSvtf 
Units uTSv and uTSvtf are most common immediately 

south and southeast of the Saddle North deposit (Figs. 4-6). 
Unit uTSv includes volcanic fl ows (Figs. 7, 8), coarse 
fragmental volcanic rocks (Fig. 9) and subordinate volcanic 
conglomerate, sandstone, siltstone, and mudstone. Unit uTSvtf 
contains thickly stratifi ed coarse-grained fragmental volcanic 
rocks including tuff-breccia and lapilli tuff (Figs. 9-11), 
subordinate volcanic conglomerate, sandstone, siltstone, ash 
tuff, and mudstone, and rare fl ows. As is common for the Stuhini 
Group throughout the property, both fl ows and fragments in 

tuffaceous and conglomeratic rocks are predominantly crowded 
hornblende- plagioclase feldspar-phyric trachyandesite or latite 
with abundant fi ne-grained plagioclase feldspar and rarely, 
potassium feldspar phenocrysts (Figs. 7, 11). Also present are 
local pyroxene and plagioclase- pyroxene-phyric fl ows (Fig. 8) 
and spatially associated pyroxene-bearing coarse fragmental 
rocks (Fig. 12). Rarely, pyroxene may occur with hornblende. 
Modal abundance estimates of sodium cobaltnitrate-stained 
hand samples (Figs. 7, 11, 12) confi rm that the bulk of the rocks 
are trachyandesitic or latitic in composition.

Map unit uTSvtf consists mainly of poorly stratifi ed coarse 
fragmental volcanic rocks such as tuff-breccia and ‘coarse’ 
(average fragment >10 cm) lapilli tuff (Fig. 7). Also abundant 
are ‘medium’ (average fragment >3 <10 cm) lapilli tuff 
(Fig. 10), and weakly stratifi ed, poorly sorted boulder-cobble 
conglomerate. Less common are ‘fi ne’ (average fragment <3 cm) 
lapilli tuff (Fig. 12), ash tuff, pebble conglomerate, sandstone, 
siltstone and mudstone; fl ows are also present locally. As with 
map unit uTSv, fragments in the tuffaceous rocks, clasts in 
the conglomerate, and the local fl ows consist predominantly 
of crowded hornblende- feldspar-phyric trachyandesite 
containing fi ne-grained plagioclase feldspar phenocrysts, and 
fi ne- to medium-grained hornblende phenocrysts. Also present 
are rare pyroxene-phyric fl ows and pyroxene-phyric coarse-
grained fragmental rocks. These rock types may also be found 
locally as clasts in the tuffaceous and conglomeratic rocks.

3.1.2. Map units uTSsvc and uTSsf
Map units uTSsvc and uTSsf have a greater proportion of 

epiclastic rocks and are typically better stratifi ed than units uTSv 
and uTSvtf (Fig. 13). Unit uTSsvc consists of conglomerate 
(Figs. 14, 15), subordinate sandstone (Fig. 15), siltstone, 
mudstone (Fig. 16), trachyandesitic or latitic fragmental 
volcanic rocks, and rare trachyandesite or latite fl ows. Unit uTSsf 
co nsists mainly of generally dark, interstratifi ed siliciclastic 
rocks, including fi ne-grained sandstone, siltstone, mudstone 
(Figs. 16-19), with local ash tuff, fi ne lapilli tuff, coarse-grained 
sandstone and pebble conglomerate. Pebble conglomerates and 
sandstones generally lack internal stratifi cation but are arranged 
in repeated sharp-based fi ning-upward sequences (Fig. 15). 
Metre-scale dark grey, locally fossiliferous micritic limestone 
lenses are relatively common throughout. Clasts in units uTSsvc 
and uTSsf are similar in composition to the fragments in units 
uTSv and uTSvtf, consisting almost exclusively of hornblende- 
feldspar-phyric trachyandesite or latite with crowded fi ne-
grained plagioclase and subordinate fi ne- to medium-grained 
hornblende phenocrysts (e.g., Fig. 14). 

3.1.3. Distribution and geometry
The rocks of units uTSv and  uTSvtf are most abundant in the 

northern part of the Tatogga property where they are commonly 
propylitically (chlorite-epidote)- and (or) iron carbonate-
altered. Together they form a northwest-trending belt hosting 
the mineralized zones at Saddle North and Saddle South. They 
also appear to be common northeast of the Quash-Pass area 
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Fig. 6. View south-southeast along and up Saddle South ridge (left) 
toward Tuktsayda Mountain, showing northeast-dipping thickly 
stratifi ed Stuhini Group fragmental volcanic rocks (unit uTSvtf).

Fig. 7. Stuhini Group, map unit UTSv. Crowded hornblende-feldspar-
phyric trachyandesite fl ow, ~1.7 km southeast of Saddle North. Top 
stained with sodium cobaltnitrate for potassium feldspar.

Fig. 8. Stuhini Group map unit uTSv. Pyroxene- and feldspar-phyric 
basaltic trachyandesite or trachybasalt fl ow, ~700 m south of Saddle 
North.

Fig. 9. Stuhini Group, map unit uTSv. Medium- to coarse- 
trachyandesite lapilli tuff (upper) and block tuff (lower), Saddle South 
area.(Fig. 4). Although not well stratifi ed and lacking obvious tops 

indicators, on the central and the eastern part of the property 
the thick bedded and crudely stratifi ed rocks of units uTSv 
and uTSvtf appear to defi ne a moderately to steeply northeast 
dipping homocline that youngs to the northeast (Figs. 4, 5). 
To the southwest the coarse tuffaceous rocks are concordant 
with well-bedded uTSsvc a nd uTSsf rocks. Farther west, the 
rocks of units uTSsvc and uTSsf are commonly well folded and 
faulted (see section 6 below).

3.1.4. Environmental interpretation
As is typical of many volcanosedimentary sequences, 

Stuhini Group rocks in the Saddle area record the interplay of 
volcanism, erosion, and sedimentation repeated in time and 
space. Some of the coarser deposits of unit uTSv may represent 
a vent-proximal facies, whereas sandstones and pebble 
conglomerates are interpreted to represent turbiditic beds. The 

fossils in unit uTSsf (Souther, 1972; Ash et al., 1996; Figs. 3, 4) 
indicate marine sedimentation in part, and the near-ubiquitous 
dark colours of epiclastic facies may imply relatively deep 
(anoxic) waters. However, rare fragmental volcanic and 
coarse siliciclastic rocks with red clasts and matrix, such as 
at immediately southwest of Mt. Tuktsayda, might suggest 
sedimentation in an oxidizing environment and that shallow-
marine conditions prevailed locally. 

3.2. Hazelton Group (Lower Jurassic)
A distinctive well-layered volcanosedimentary sequence 

is exposed north of the Saddle area between Mount Poelzer 
and Tsazia Mountain (Figs. 4, 5 and 20); it also outcrops on 
the northern end of Saddle South ridge. Following Ash et al. 
(1997a, b) we assign these rocks to the Hazelton Group. With 
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Fig. 11. Stuhini Group, map unit uTSvtf. Maroon and green 
trachyandesitic lapilli tuff (right stained with sodium cobaltnitrate 
for potassium feldspar); note relatively potassium feldspar-rich 
fragments, and possible monzonitic intrusive rock fragment (slightly 
coarser-grained), ~175 m north of Saddle South zone.

Fig. 10. Stuhini Group, map unit uTSvtf. Medium lapilli tuff with 
hornblende-feldspar-phyric fragments and pyroxene-phyric fragments 
(green) in pale weathering groundmass, ~900 m west-southwest of 
Saddle North and 450 m east-southeast of Saddle South.

Fig. 12. Stuhini Group, map unit uTSv. Maroon and green pyroxene- 
and feldspar-phyric basaltic trachyandesite lapilli tuff (right stained 
with sodium cobaltnitrate for potassium feldspar; note slight difference 
in potassium feldspar content between fragments and matrix), ~2 km 
south of Saddle North deposit.

Fig. 13. View to the south-southeast, looking approximately down 
dip at gently southeasterly dipping moderately well-stratifi ed Stuhini 
Group rocks of map units uTSsvc and uTSsf, on south side of valley, 
Quash-Pass area (see Figure 4 for location).

Fig. 14. Stuhini Group, map unit uTSsvc. Clast-supported boulder 
conglomerate or pyroclastic breccia with angular fragments of 
moderately crowded hornblende- and feldspar phyric trachyandesite, 
with carbonate cement.

maroon to mauve and pale green colours, the rocks in this 
gently north-dipping sequence contrast sharply with the darker 
moderately to steeply south-dipping Stuhini Group rocks to 
the south suggesting an angular discordance between the two 
(see Fig. 5 and section 6 below). The contact is not observed 
at surface because it is faulted (note “Poelzer offset” fault, 
Fig. 5) and largely drift-covered, but the presence of an angular 
discordance is supported by the presence of common Stuhini 
Group cobbles and boulders, by pebbles and cobbles of altered 
rock and quartz (Fig. 21), plus an abundance of Late Triassic 
detrital zircon grains in basal sandstones (George et al., 2021). 

Although we did not map in detail, and although the contact 
itself was not observed, we traversed through this section along 
gullies extending from the Saddle area toward the northwest-

trending ridge that underlies Mount Poelzer (Figs. 5, 6). There 
the general character and a number of common rock types 
from the lower part of the sequence appear to have reasonable 
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Fig. 15. Stuhini Group, map unit uTSsvc. View south-southeast of 
moderately northeast-dipping dark grey, slightly rusty-weathering 
medium- to thick-bedded well-stratifi ed and moderately well-
sorted pebble conglomerate, above interbedded sandstone, siltstone 
and mudstone arranged in sharp-based Bouma-like fi ning upward 
sequences, ~1.5 km southwest of Saddle South.

Fig. 16. Stuhini Group; on right, well-bedded black mudstone (map 
unit uTSsf) possibly faulted against lapilli tuff on left; view to the 
northeast, immediately west of Tatogga property boundary, southwest 
of Saddle area.

Fig. 17. Stuhini Group, map unit uTSsf. View to the east of fi ne-
grained sandstones and mudstones arranged in sharp-based Bouma-
like fi ning upward sequences and containing a steeply south-southwest 
dipping spaced cleavage. About 1.6 km southwest of Saddle South, 
immediately west of Tatogga property boundary.

along-strike continuity, given the generally well-stratifi ed 
nature of the package at all scales (Fig. 21) and evident in their 
aeromagnetic signature and grain, which parallels their strike 
(Miller and Smythe, 2015). Typically maroon pebble, cobble, 
and rare boulder conglomerates with local well-rounded 
clasts (Figs. 21, 22) are particularly abundant at the base of 
the section on the southwest side of the creek that drains the 
area of the Saddle North deposit near the lower, northern end 
of Saddle South ridge (unit lJHsc, Fig. 4). Signifi cantly, the 
conglomerates bear very common clasts that appear to have 
been derived from subjacent and distinctive Stuhini Group, 
including fi nely feldspar- and hornblende-phyric rocks, and 
less common clasts displaying a pervasive internal alteration 

similar to that found in Stuhini Group rocks hosting the Saddle 
area mineralized zones. 

The overlying unit (lJHss) appears to be largely sedimentary 
and includes conglomerate, pale grey-green sandstone, siltstone, 
and mauve to maroon, commonly pebbly, mudstone. A sample 
of sandstone from this part of the section yielded a maximum 
depositional age of slightly younger than 190 Ma (George et 
al., 2021), supporting the Hazelton Group assignment. Farther 
upsection, on the southwest-facing slopes of Mount Poelzer, 
a rare layer of concretion-bearing pale green lapilli tuff is 
interbedded with the sedimentary rocks. Still farther upsection 
is a 5-10 m thick interval with limey pods and limestone layers 
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Fig. 18. Stuhini Group, map unit uTSsf. Sandstone, siltstone and 
silty mudstone, top stained with sodium cobaltnitrate for potassium 
feldspar; note that even fi ne-grained siliciclastic rocks are rich in 
potassium feldspar. Possible bioturbation structures on right side of 
specimen. Quash Pass area, southern Tatogga property.

Fig. 19. Stuhini Group, map unit uTSsf. Thinly bedded and fi ne-
grained ash tuff and tuffaceous siltstone and sandstone. Bottom 
stained with sodium cobaltnitrate for potassium feldspar; many ash 
layers have abundant potassium feldspar. Quash Pass area, southern 
Tatogga property.

interbedded with laminated black siliceous mudstone and 
rusty weathering sandstone (Fig. 23). Also within the Hazelton 
Group in this area is a resistant, strongly magnetic unit of what 
appears to be a mafi c lithology (unit lJHvm; Figs. 4, 5). It may 
be a fi nely feldspar-phyric mafi c fl ow or, alternatively, a sill 
that has hornfelsed its siliciclastic wallrocks. 

Overlying this larg ely sedimentary sequence is a section 
of dark purple hornblende- feldspar-rich volcanic rocks 
(unit lJHvhf). Most abundant are coarse fragmental volcanic 
rocks, tuff-breccia, and coarse lapilli tuff that interfi nger with 
local massive fl ows of similar andesitic or trachyandesitic 
composition. Phenocrysts in these rocks include hornblende 
(and pyroxene?) along with distinctive medium-grained 

Fig. 20. Hazelton Group. View west from western slopes of Mount 
Poelzer of gently northwesterly dipping Hazelton Group rocks 
underlying ridge immediately west of Tsazia Mtn. (see Figure 4), 
along northern parts of Tatogga and neighbouring Castle property.

Fig. 21. Hazelton Group, unit lJHsc. Maroon pebble conglomerate 
with quartz pebbles (e.g., near tip of scriber) and variably rounded 
and poorly sorted clasts, near Mount Poelzer, north of Saddle North 
deposit.

Fig. 22. Hazelton Group, unit lJHsc. Polymictic pebble conglomerate 
with abundant red mudstone clasts, stained with sodium cobaltnitrate 
for potassium feldspar, northern end of Saddle South ridge.
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Fig. 23. Hazelton Group. Local limestone beds on slopes of Mount 
Poelzer, showing interlayering of relatively resistant cherty (orange) 
and recessive limestone (grey) components, north of Saddle North 
deposit.

tabular-blocky feldspars that locally display glomeroporphyritic 
textures. The volcanic rocks are overlain by maroon fi ne-
grained mudstone to siltstone. Still farther upsection, near the 
top of the ridge that underlies Mount Poelzer, a variety of rock 
types are exposed, including maroon mudstone, quartz-eye 
feldspar porphyry felsic dikes and dark mafi c volcanic rocks, 
but neither previous workers (e.g., Miller and Smyth, 2015; 
Ash et al., 1997a) nor the present authors have mapped these 
rocks in enough detail.

3.3. Late Cenozoic volcanic rocks
Late Cenozoic volcanic rocks (unit lCv) locally overlie both 

Stuhini and Hazelton groups. These rocks likely correlate with 
those of the Mt. Edziza volcanic complex to the west, which 
range in age from about 11 Ma to several hundred thousand 
years B.P. (Souther, 1992). In the immediate vicinity of the 
Tatogga property, they occur either at elevation, such as to the 
west at the Castle property (Fig. 4), or in valley bottoms, such as 
along the upper parts of the Klastline River valley, immediately 
north of and downstream from the Saddle area.

Although these Late Cenozoic volcanic rocks were not 
the focus of our mapping, local outcrops were noted from 
the air in the valley of the Klastline River valley near where 
Ash et al. (1997a) documented several small outcrops. The 
Cenozoic units were also mapped in abundance farther down 
the Klastline River valley by Souther (1972). In addition, a 
strong magnetic signature with a distinctive fl ow-like texture 
is apparent on regional and property-scale aeromagnetic maps, 
particularly of the upper Klastline River valley. The magnetic 
signatures and their valley-parallel grain suggest valley fi lling 

mafi c fl ows. The magnetic signature may indicate a volcanic 
vent not far downstream from the northern end of Saddle South 
ridge. The occurrence of the Late Cenozoic volcanic rocks both 
low in the valley bottoms and at much higher elevations such as 
along ridgetops on the Castle property suggests eruption onto a 
paleotopographic surface not unlike the present one.

4. Intrusive rocks
Numerous suites of intrusive rocks, most of which roughly 

follow east-west trends, cut stratifi ed rocks at the Tatogga 
property. These include latest Triassic to earliest Jurassic 
monzonitic to monzodioritic rocks of the Tatogga suite, 
referred to herein as the Saddle intrusions and the Saddle North 
intrusive complex (units TrJmd and TrJmdu). At Saddle North, 
these rocks are closely associated, spatially and genetically, 
with porphyry copper-gold mineralization. Similarly, at 
Quash-Pass 6-7 km to the south, local monzonitic to dioritic 
rocks are associated spatially with alteration and local base- 
and precious metal-bearing veins. However, at Saddle South 
these rocks post-date precious metals mineralization. There, 
the monzonitic rocks occur in the immediate footwall of the 
steeply south-dipping mineralized zone and although they 
intrude the host Stuhini Group tuffaceous rocks, they do not 
host Saddle South-style gold- and silver-mineralized quartz-
carbonate-pyrite veins, nor are they overlain by appreciable 
gold-in-soil geochemical anomalies which characterize the 
Saddle South zone at surface immediately to the south, and 
the westward projection of the Saddle North trend which lies 
not far to the north. Younger east-west trending dikes of felsic, 
intermediate, and mafi c composition crosscut mineralization 
and the monzonitic rocks. These dikes are relatively abundant 
at Saddle South where crosscutting relationships indicate a 
generalized order of intrusion from felsic to intermediate to 
mafi c. Several felsic dikes and one intermediate dike yield 
U-Pb zircon ages ranging from 187 to 182 Ma (Early Jurassic; 
see section 5 below; Greig et al., 2021), although some of the 
mafi c dikes could be signifi cantly younger given the regional 
abundance of Late Cenozoic volcanic rocks.

4.1. Late Triassic to Early Jurassic intrusive rocks (map 
units TrJmd and TrJmdu, Saddle intrusions, Tatogga 
intrusive suite)

In the Saddle area, stratifi ed Upper Triassic rocks have 
been intruded by latest Triassic or earliest Jurassic porphyritic 
monzonitic and/or monzodioritic rocks with U-Pb zircon ages 
ranging from ca. 206 to 202 Ma (see section 5 below). These 
rocks are typifi ed by the crowded fi ne-grained hornblende and 
plagioclase feldspar phenocrysts surrounded by a groundmass 
with potassium feldspar and minimal free quartz (Figs. 24-27). 
Particularly where altered, distinguishing these hypabyssal 
intrusive bodies from some Stuhini Group fl ows can be diffi cult. 
A notable feature of the intrusive rocks is the variation in the 
habit of amphibole, which forms either medium- to fi ne-grained 
blades or anhedral crystals that are intergrown with potassium 
feldspar in the groundmass of rocks crowded with fi ne-grained 
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Fig. 24. Saddle intrusion (Tatogga suite, unit TrJmd). Late Triassic 
to Early Jurassic hornblende monzodiorite porphyry bearing a few 
percent cognate mafi c inclusions, including rectangular inclusion 
above fi nger, toward northern end of Saddle South ridge.

Fig. 25. Saddle intrusion CAP porphyry’ (Tatogga suite, unit TrJmd). 
Well-foliated moderately quartz-sericite-pyrite altered, east side of 
Saddle South ridge.

Fig. 26. Saddle intrusion (Tatogga suite, unit TrJmd). Fine-grained 
moderately altered monzonite porphyry. Hornblende (commonly 
epidote altered), potassium feldspar (largely in groundmass), and 
variably sericitized plagioclase, which is commonly pale yellow. On 
bottom, slab stained with sodium cobaltnitrate for potassium feldspar). 
From near the northern plutonic contact of monzonitic rocks that 
forms the northern boundary of the Saddle South mineralized zone. 

Fig. 27. Saddle intrusion (Tatogga suite, unit TrJmd). Crowded 
hornblende-pyroxene-plagioclase monzonite or monzodiorite 
porphyry with medium-grained epidote(?)- and leucoxene- altered 
mafi c minerals and variably sericite altered plagioclase feldspar in 
a groundmass of very fi ne-grained potassium feldspar. Bottom slab 
stained with sodium cobaltnitrate for potassium feldspar). North of 
Saddle South mineralized zone. 

euhedral plagioclase feldspar phenocrysts. Magnetite is a 
common accessory mineral in monzonitic and monzodioritc 
rocks, both in relatively unaltered variants and in more altered 
equivalents, such as in the core of the Saddle North mineralized 
system, where it occurs in veins, as replacements of amphibole 
and, presumably, as partly sulphide-replaced primary grains.

The most common lithology of this unit in the Saddle area 
is crowded fi ne-grained hornblende monzonite porphyry. The 
rocks are typically dark, although relatively fresh surfaces 
may be medium to dark grey; they at least locally host up 
to a few percent or more of cognate somewhat more mafi c-
rich inclusions (Fig. 24). Systematic sodium cobaltnitrate 
staining of samples reveals that the three main component 
rock-forming minerals (potassium feldspar, plagioclase, and 
hornblende) vary signifi cantly in relative abundance and grain 
size (Figs. 25, 26). Variably overprinting styles of alteration 
may increase the variation in appearance and may emphasize 
the presence of mafi c phenocrysts (Fig. 27). In more altered 
rocks, plagioclase feldspar is commonly sericite-altered and 

in stained slabs plagioclase feldspar generally takes on a pale 
yellow colour, likely refl ecting the presence of the sericite 
(Fig. 26). Well-foliated varieties of the porphyritic rocks, such 
as the “CAP” porphyry common to the immediate footwall to 
north of the mineralized zone at Saddle South, and so-named in 
the fi eld because of its conspicuous medium- and rarely coarse-
grained amphibole, is typically quartz-sericite-pyrite altered 
(Fig. 27, part of map unit TrJmdu). A short distance farther 
north and downslope from the CAP porphyry, the Saddle 
intrusions exposed in the cliffs immediately north of the Saddle 
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South zone are generally dark and fi ne grained. The dark tone 
largely appears to represent very fi ne-grained mafi c minerals 
(principally amphibole), and probably magnetite, intergrown 
with potassium feldspar in the groundmass to the abundant 
fi ne-grained plagioclase feldspar phenocrysts. Fine-grained 
potassium feldspar phenocrysts may be locally abundant; 
rarely, potassium feldspar forms megacrysts.

At Saddle North, the exact limits of the monzonitic intrusive 
rocks at surface remain to be fully defi ned. This is largely due 
to the limited exposure beneath a thick cover of colluvium and 
till, which typically ranges from a few m to at least 25 m thick. 
However, the intrusion is locally well exposed, such as in the 
cliffs immediately north of the Saddle South mineralized zone 
and in the creek draining west-northwest from the Saddle North 
deposit area (Figs. 4, 5). Along with abundant drill intersections 
at Saddle North and with local drill intersections between there 
and Saddle South, it is clear that the monzonitic rocks coincide 
with an easterly linear airborne magnetic high. This suggests 
that they are all part of an overall east-west trending intrusive 
system that continues into the well-exposed intrusive trend on 
the Castle property to the west (Fig. 4).

4.2. Early Ju rassic and younger dikes
Multiple generations of m-scale, mafi c to felsic dikes cut 

Stuhini Group stratifi ed rocks. Most conspicuous are pale-
weathering felsic dikes that occur at Saddle South and to the 
south and southwest and are readily visible cutting Stuhini 
Group rocks in cliff outcrops (Fig. 28). U-Pb zircon ages 
from four of these dikes range from ca. 186 to 182 Ma (see 
section 5 below). Although the dikes commonly take dog-leg 

bends, with abrupt changes in width from as much as 10 m 
to as little as 0.5 m within a few m, the dikes clearly follow 
general west-northwest trends (Fig. 5). Dike-wall parallel fl ow 
foliation is common, particularly along contacts with country 
rocks. Lithophysae are commonly aligned with fl ow-layering 
and fl ow-folding is locally well displayed. Systematic staining 
and a general lack of abundant quartz phenocrysts suggests 
the dikes are trachydacites or high-K rhyodacites. They 
range from aphyric, to potassium feldspar-phyric to sparsely 
hornblende- plagioclase feldspar-phyric. Locally the dikes are 
cut by abundant veins of different compositions, including 
quartz, calcite and iron carbonate, but systematic geochemical 
sampling of the dikes at Saddle South reveals that they do not 
host precious metals. Although the altered and mineralized 
country rocks may bear a well-developed foliation, the dikes 
themselves typically only display a spaced or fracture cleavage.

Several suites of darker intermediate to mafi c dikes commonly 
cut the felsic dikes. In contrast to their felsic counterparts 
the mafi c and intermediate dikes typically have more planar 
contacts and may be more continuous. Only one intermediate 
dike, of trachyandesitic composition, has been dated and it 
returned a 185 Ma U-Pb zircon age that is essentially coeval 
with those of the felsic dikes (see section 5 below). However, 
contact relationships observed in drill core suggest that in 
general the felsic dikes are the oldest and that most of the 
obviously mafi c dikes (very dark green, as opposed to more 
obviously feldspar-rich varieties of intermediate composition) 
are the youngest. 

The intermediate dikes may contain abundant and typically 
aligned feldspar microlites, in a felted or trachytic texture. 

Fig. 28. View southeast showing steeply dipping light-toned Early Jurassic felsic dikes (~185 Ma) cutting generally more gently dipping, but 
folded, dark-toned well-stratifi ed Upper Triassic fi ne-grained sedimentary rocks of the Stuhini Group (unit uTSsf). Immediately west of northern 
Tatogga property; helicopter upper left for scale.
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The most notable of these, the informally named “DMcg” 
(Dike, Mafi c, coarse-grained) suite at Saddle South, somewhat 
resembles the older Saddle intrusions. They are generally 
strongly magnetic and are coarse grained only relative to 
other intermediate to mafi c dikes on the property, which are 
commonly aphyric to very fi ne grained. The most recognizable 
phenocrysts in the DMcg dikes are fi ne- to medium-grained 
plagioclase feldspar laths that are commonly aligned to form 
a trachytic fabric, much like their fi ner grained counterparts. 
Other characteristics that help distinguish the DMcg suite in 
the fi eld are the very common presence of chlorite-quartz(?)-
epidote veins and a propylitic alteration assemblage (minor 
pyrite, very common chlorite and epidote after mafi c minerals). 
In contrast, similar veins and alteration are generally lacking in 
adjacent mafi c dikes. 

Contact relationships suggest that most of the obviously mafi c 
dikes (very dark green, as opposed to more obviously feldspar-
rich varieties of intermediate composition) are the youngest. 
Like the felsic dikes, both the mafi c and intermediate dikes may 
host numerous veinlets (most commonly calcite), but few host 
veins containing base or precious metals. Given the abundance 
of nearby Late Cenozoic volcanic rocks, including the edifi ce 
at Mt. Edziza and a probable vent approximately 2 km north 
of Saddle South, some of the mafi c dikes are conceivably Late 
Cenozoic.

5. Geochronology
The primary goal of our geochronology program was to 

establish the timing of mineralization at the Tatogga property. 
Our approach was both direct, by using Re-Os molybden um 

geochronology on mineralized veins (three samples) and 
indirect, using U-Pb zircon geochronology to determine 
crystallization ages of interpreted mineralizing intrusions, 
and crystallization and maximum depositional ages of 
mineralized and non-mineralized wallrocks and country 
rocks (18 samples). The Re-Os ages were determined under 
contract with ALS-Global laboratories, via the University of 
Alberta geochronology laboratory. Molybdenite separates 
were analyzed by isotope dilution mass spectrometry using 
Carius-tube, solvent extraction, anion chromatography and 
negative thermal ionization mass spectrometry techniques 
(Selby and Creaser, 2004). The U-Pb zircon geochronology 
was undertaken at the Arizona Laserchron Center, Department 
of Geosciences, University of Arizona using laser ablation 
multicollector inductively coupled mass spectrometry (LA-
ICPMS; Gehrels et al., 2008). Below we only summarize this 
work; full details are presented in Greig et al. (2021). 

5.1. Stuhini Group
Three samples of stratifi ed rocks from the Stuhini Group 

were dated. Two were collected from host hornblende- 
feldspar-phyric volcanic rocks intersected in drill core at the 
Saddle South mineralized zone (Fig. 5), and one was a detrital 
zircon sample collected from sandstone from unit uTSsf, 
approximately three kilometres west of the property boundary, 
on the adjacent Castle property (Fig. 4). All three samples 
yielded Late Triassic ages.

Sample TTD058-177m, w  ith a crystallization age of 224.01 
±1.1 Ma, 2σ (Fig. 29), was collected from a section of coherent 
grey t o maroon hornblende- feldspar-phyric coherent rocks 

Fig. 29. Concordia diagram for sample TTD058-177m, Stuhini Group, unit uTSvtf, hornblende-feldspar-phyric fl ow, Saddle South mineralized 
zone.
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Fig. 30. Probability density plot for detrital zircon sample CG18-335, Stuhini Group, unit uTSsf, sandstone, approximately 3 km west-southwest 
of the Saddle South mineralized zone.

within map unit uTSvtf. It is interpreted to be a fl ow, and is 
interlayered with tuff containing monomictic fragments that are 
lithologically indistinguishable from the fl ow. Sample TTD059-
53m yiel ded an age of 220.3 ±2.0 Ma and was collected from 
a single decimetre-scale block in a hornblende- feldspar-phyric 
trachyandesite block tuff to the east of and upsection from 
TTD058-177m. The detrital zircon  sample, CG18-335, was 
collected from a fi ne- to medium-grained sandstone turbiditic 
bed well to the west of the Saddle South mineralized zone, 
not far west of the western boundary of the Tatogga property 
(Fig. 4). The interpreted maximum depositional age of 205.9 
±2.1 Ma (Fig. 30) is based on a total of 315 analyses using 20 
micron diameter laser spots.

These Late Triassic ages agree with macrofossil (Souther, 
1972; Fig. 4) and microfossil (Ash et al., 1996; Fig. 3) ages 
reported for the Stuhini Group from elsewhere on the Tatogga 
property. In addition, George et al. (2021) reported Late Triassic 
maximum depositional ages of 206 Ma and 205 Ma for samples 
of sandstone collected from two locations to the southeast of 
the Saddle area.

5.2. Saddle intrusions and Saddle North intrusive complex 
(Tatogga intrusive suite)

We analyzed six samples from various phases of the Saddle 
North intrusive complex, three samples from rocks in the 
footwall of the Saddle South mineralized zone, and one 
sample from an intrusion intersected in a diamond-drill hole 
approximately midway between the Saddle North deposit and 
the mineralized zone at Saddle South. All of the samples were 
altered and/or mineralized to varying degrees by porphyry-style 

alteration and/or vein assemblages. U-Pb zircon ages for the 
Saddle intrusions range from 206.2 ±1.8 Ma for the interpreted 
oldest phase at the Saddle North deposit, to as young as 202.0 
±1.5 Ma for the sample collected from the drill hole midway 
between Saddle North and the Saddle South zone.

5.3. Early Jurassic and younger dikes
We obtained a U-Pb zircon age of 185 ±1.6 Ma from a fi ne-

grained intermediate composition trachyandesite dike intruding 
monzodiorite of the Saddle intrusions. This dike contains 
abundant very fi ne-grained lath-like plagioclase feldspar with 
a notable trachytic fabric and was collected from near the base 
of the cliffs immediately north of the Saddle South mineralized 
zone. We also obtained ages from four felsic dikes ranging from 
186.53 ±0.78 Ma, 2σ (sample CG18-316; Fig. 31) to 182.35 
±1.6 Ma. Similar ages are reported by George et al. (2021) for 
felsic dikes that intrude rocks in the upper part of the Hazelton 
Group west-northwest of Mount Poelzer. In contrast to the 
typical pale- or tan-weathering aphyric to feldspar phyric felsic 
dikes dated in the present study, the dikes dated by George et 
al. (2021) weather to shades of pink and commonly contain 
medium- to coarse-grained quartz eyes, which are notably 
absent in the dikes we dated. 

5.4. Direct Re-Os molybdenite dating of mineralization 
Three samples were collected from veins at the Saddle North 

deposit for Re-Os dating of molybdenite. Two of the samples 
yielded ages closely approximating the age of the host Saddle 
intrusions at 204.2 ±0.9 Ma and 204.6 ±0.9 Ma, while the 
other returned a signifi cantly older age of 207.8 ±0.9 Ma. All 

CG18-335
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Fig. 31. Weighted mean diagram for age of felsic dike sample CG18-316; sample locality is from one of the light-toned felsic dikes shown in 
Figures 5 and 32; age calculated using the routines in Isoplot ( Ludwig, 2008).

three samples were collected from calcite-quartz-chalcopyrite-
pyrite veins containing sparse molybdenite hosted by well-
mineralized potassically-altered phases of the Saddle North 
intrusive complex in the core of the deposit. Molybdenite 
is rarely recognized in the deposit and in the two youngest 
samples it occurs on slickenside surfaces that transect the 
veins; otherwise, all three sampled veins appear to be part of 
the main stage of mineralization.

6. Structural geology
Stratifi ed Triassic and Jurassic rocks on the Tatogga property 

and adjacent areas to the west occupy two structural domains. 
One domain lies to the north of the Saddle area where rocks 
of the Hazelton Group dip gently northerly (Fig. 20), and the 
other lies to the south of the Saddle area where Stuhini Group 
rocks commonly dip moderately to steeply, either southerly 
or northerly, and locally display map-scale northerly vergent 
folds and thrusts that were developed before Early Jurassic 
felsic dikes were emplaced (Figs. 4-5, 32). The two structural 
domains correspond with the distribution of Stuhini Group 
rocks (southern domain) and Hazelton Group rocks (northern 
domain). In the immediate Saddle area, Stuhini Group host 
rocks dip moderately to steeply to the northeast. We consider 
that the structural discordance between the northern and 
southern domains records pre-Hazelton Group contractional 
deformation, in accord with Stuhini Group-Hazelton 
Group structural relationships and the sub-Hazelton Group 

unconformity recognized elsewhere in Stikinia (e.g., Brown 
and Greig, 1990; Henderson et al., 1992; Greig, 2014; Miller 
et al., 2020).

Several of the major faults in the Tatogga area appear to have 
complex histories. Two of the better-understood examples serve 
as illustrations. The Poelzer fault, which defi nes the northern 
limit of strong porphyry mineralization at Saddle North, trends 
west-northwest and dips steeply south-southwest. It is not 
generally exposed, in large part because it has been faulted off 
by a younger subvertical fault (the Poelzer Offset fault, Fig. 5) 
but within metres of its trace in drill core, it is marked by a 
pervasive foliation in host rocks that incorporates mineralized 
veins. The foliation and veins are locally folded, and foliated 
rocks locally occur as rotated fragments along with pieces of 
mineralized veins within pyrite- and clay-rich gouge along the 
trace of the fault, suggesting that early ductile or semi-ductile 
strain was followed by brittle reactivation. The fault commonly 
juxtaposes well-mineralized rocks in the hanging wall with 
those that are intensely altered but little-mineralized in the 
footwall. The early more ductile to later brittle deformation 
may refl ect only part of the fault’s history. This is because the 
rocks in the footwall of the fault host alteration (copper-poor 
quartz-sericite-pyrite assemblages) and mineralization (local 
high-grade epithermal vein-style gold) which presumably 
formed at shallower depths than much of the porphyry-style 
potassic alteration and copper-gold mineralization common 
to the hanging wall, which reaches the surface in hangingwall 
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Fig. 32. View west-southwest of light-toned Early Jurassic felsic dikes cutting northerly vergent folds and thrusts in dark-toned well-stratifi ed 
Upper Triassic Stuhini Group mudstone, siltstone and fi ne-grained sandstone (unit uTSsf), west of northern Tatogga property.

rocks. This relationship suggests signifi cant reverse-sense 
offset in post-mineralization but pre-Hazelton time (i.e., before 
the earliest Early Jurassic).

Approximately 2-3 km to the southwest of the Saddle area 
are two prominent west-northwest trending reverse faults that 
juxtapose massive Stuhini Group rocks to the north against 
generally better stratifi ed rocks to the south (Fig. 4). The fault 
to the west is well exposed and clearly dips to the south, with 
folded Late Triassic or earliest Early Jurassic rocks that we 
have assigned to the Stuhini Group, and that have yielded a 
U-Pb detrital zircon max imum depositional age of ca. 205 Ma 
(see section 5), in its hangingwall (Fig. 5; see also Bradford 
and Barresi, 2013). The fault to the east is poorly constrained, 
and is interpreted to juxtapose relatively thickly bedded and 
weakly-stratifi ed north-northeast dipping Late Triassic rocks 
in the Saddle South area with rocks to the south that also dip 
to the north-northeast but which yield younger, Late Triassic 
or earliest Early Jurassic U-Pb detrital zircon maximum 
depositional ages (George et al., 2021). 

In spite of the local complexities, structural fabrics are 
remarkably consistent throughout the property and in a variety 
of settings and rock-types, generally dipping steeply to the 
southwest or south-southwest (Fig. 33). In less competent 
rock types, a pervasive foliation is commonly developed, 
such as in Hazelton Group sandstones immediately northeast 
of and up slope from the Saddle North deposit (Fig. 34), or 
in sericite-rich altered volcanic or intrusive rocks marginal to 

the Saddle North deposit (Fig. 35) or immediately adjacent 
to veins of the Saddle South mineralized vein fi eld (Fig. 33). 
In more competent rocks, the fabric may be expressed as a 
similarly oriented south-southwest dipping fracture set. Based 
on reconnaissance work farther south on the property, such as 
near Quash-Pass, fabrics (Fig. 17) appear to be concordant with 
those to the north. 

7. Discussion
7.1. Stuhini Group or Hazelton Group?

In contrast to other parts of Stikinia (e.g., Brown et al., 1996), 
Stuhini Group rocks in the Tatogga area include abundant 
crowded feldspar-phyric trachyandesitic to latitic volcanic 
rocks with abundant very fi ne-grained feldspar and common but 
subordinate hornblende phenocrysts that are set in a potassium 
feldspar-rich groundmass. Elsewhere, hornblende- feldspar-
phyric volcanic rocks characterize the Hazelton Group and are 
uncommon in the Stuhini Group, which contains augite-phyric 
mafi c volcanic rocks. On the Tatogga property and in the area 
of the Klastline plateau, the presence of these hornblende- 
feldspar-phyric examples ultimately led Ash et al. (1997a, b) 
to assign these rocks to the lower part of the Hazelton Group, 
although they had previously been assigned to the Stuhini 
Group (Souther, 1972; Ash et al., 1996). Furthermore, in our 
initial exploration in 2016 and 2017, the presence at Saddle 
South of common crowded hornblende- feldspar-phyric dark 
green to deep maroon volcanic rocks suggested to us that 
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the rocks hosting the mineralization indeed belonged to the 
Hazelton Group rather than to the Stuhini Group. However, 
the new Late Triassic U-Pb zircon data presented above for 
these hornblende- feldspar-phyric volcanic rocks in the Saddle 
South area indicate that they are considerably older than the 
lower part of the Hazelton Group of Nelson et al. (2018). 
We have therefore reverted to the assignments suggested by 
earlier mappers and consider them part of the Stuhini Group. 
Final resolution of the ages and assignments of rocks on other 
parts of the Klastline and nearby Edon and Todagin plateaus 
in the Iskut region awaits more detailed geochronological or 
paleontological work.

Clast compositions of conglomerates in the Hazelton Group 
and structural relationships also support assigning most of the 
rocks on the Klastline plateau to the Stuhini Group. Hazelton 
Group conglomerates contain clasts that appear to have been 
sourced from Stuhini Group hornblende- feldspar-phyric 
volcanic rocks, suggesting erosional stripping beneath the 
regionally developed sub-Hazelton Group unconformity. The 

structural discordance between Hazelton Group rocks in the 
northern part of the area, which dip gently and uniformly to the 
north, and rocks in the south, which are commonly folded and 
faulted, suggests that an episode of contractional deformation 
separates deposition of the two units. The U-Pb zircon ages 
from felsic dikes that cut folded rocks in the south indicates 
that this contraction took place before ca. 187 Ma.

7.2. Intrusive rocks and mineralization
Monzonite to monzodiorite intrusions (Saddle intrusions 

of the regionally developed Tatogga suite) are genetically 
related to mineralization at the Saddle North porphyry copper-
gold deposit, as indicated by the close spatial association of 
porphyry-style stockwork veining, potassic alteration, and 
elevated grades of copper and gold, with contacts of later 
phases of the Saddle North complex intrusive (Flynn and 
Kelly, 2020). U-Pb zircon data indicate that this Late Triassic 
to earliest Jurassic magmatic centre was active between ca. 206 
and 202 Ma. The youngest dated Saddle intrusion, intersected 
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Fig. 34. Well-developed steeply southwesterly dipping foliation developed in Hazelton Group sandstone, unit lJHss; view east toward valley of 
Saddle North deposit on lower slopes of the ridge underlying Mount Poelzer.

Fig. 35. Pervasively foliated and sericite- and iron carbonate-altered medium to coarse lapilli to block tuff of the Stuhini Group, between the 
Saddle South and Saddle North deposits; view to ESE, with steeply SSW dipping foliation.
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in a drill hole midway between the Saddle North deposit and 
the Saddle South mineralized zone, hosts high-temperature 
vein and alteration assemblages (stockwork and sheeted pyrite-
chalcopyrite-magnetite quartz veins in a potassically-alerted 
intrusive host), and two of the three Re-Os molybdenite ages 
from Saddle North are centred on 204 Ma, essentially coeval 
with the host intrusive host rocks. Intriguingly, the other Re-
Os molybdenite date from Saddle North, which yielded an 
anomalously old age of 207.8 ±0.9 Ma, was collected from a 
vein in what we consider to be one of the younger intrusive 
phases of the Saddle North intrusive complex and deposit, 
with a signifi cantly younger U-Pb zircon age (202.0 ±1.5 Ma; 
Greig et al., 2021). Does this suggest that the vein sampled 
is a xenolith, and that an earlier porphyry mineralizing event 
occurred in the Saddle camp?

At the Saddle South gold-silver mineralized vein zone, 
the lack of mineralization in footwall intrusive rocks that are 
coeval and appear to be continuous with intrusions at Saddle 
North (Greig et al., 2021) strongly suggests that Saddle South 
precious metals mineralization predates the emplacement of 
the intrusions, and therefore likely also the porphyry copper-
gold mineralizing event at Saddle North. It is probable that 
mineralization at Saddle South was driven by a magmatic 
system that is not exposed because it is older than the Saddle 
North intrusions and is hosted by volcanic rocks that are older 
still (U-Pb crystallization ages of 224-220 Ma). The presence of 
an anomalous Re-Os age from Saddle North also corroborates 
the possibility of a separate, older hydrothermal-magmatic 
episode and that magmatism was long-lived. 

7.3. Structural evolution: Deformation, uplift and erosion 
of Stikinia in latest Triassic to earliest Jurassic

Rocks of Stikinia were subjected to two major contractional 
episodes, one in the latest Triassic or earliest Jurassic (e.g., 
Greig, 2014), and the other in the mid-Cretaceous (Skeena 
fold and thrust belt; Evenchick, 1991). The older deformation 
took place very shortly after the mineralization at Saddle North 
on the Tatogga property, and before emplacement of Early 
Jurassic felsic dikes (ca. 187 to 182 Ma), which post-date the 
mineralizing events at both Saddle North and Saddle South. 
This earlier shortening is manifested in folding and faulting of 
the well-bedded Upper Triassic rocks to the west of the Tatogga 
property, which also occurred prior to the intrusion of Early 
Jurassic dikes (Fig. 32). In the Saddle area, as well as elsewhere 
in the region, and in the Stikine terrane in general, the Upper 
Triassic and older rocks appear to be overlain along a regional 
unconformity by rocks of the Hazelton Group. The full extent 
and cause of this tectonic event, and the unconformity related 
to it, remain incompletely understood and documented, but 
its signifi cance to the Saddle North deposit, and to nearby 
porphyry Cu-Au deposits and prospects here in northern 
Stikinia is clear: the rocks and mineralized zones of the Saddle 
area were probably uplifted and partially unroofed. This made 
the mineralized zones easier to explore for and may also make 
them easier to exploit.

Mid-Cretaceous deformation and development of the Skeena 
fold and thrust belt (Evenchick, 1991, 2001) apparently 
coincided with the arrival of outboard terranes and their 
collision and/or consolidation with the present-day western 
margin of Stikinia (Monger et al., 1982; Monger, 2014). Near 
the Tatogga property, the belt is best displayed to the southeast 
and south where it is manifested as east-west trending folds 
involving strata of the Middle Jurassic and younger Bowser 
Lake Group (Figs. 1, 3). Bowser Lake Group rocks comprise 
an overlap assemblage deposited during and following the 
accretion of Stikinia to the North American margin, and they 
overlie the older and more varied arc-related rocks that play 
host to most mineralization at both the Tatogga property and 
throughout northern Stikinia.

Given that Bowser basin strata largely post-dated the major 
metallogenic episodes in this part of Stikinia, the formation of 
Skeena fold belt clearly did as well, and consequently the mid-
Cretaceous structural overprint on the older underlying rocks 
and their contained mineralized zones needs to be acknowledged 
and potentially accounted for. Shortening across much of the 
fold belt is estimated at 40-50% (e.g., Evenchick 1991, 2001; 
Greig and Evenchick, 1993), and therefore that shortening 
must also have affected the older rocks, including those on the 
Tatogga property. Shortening also affected deposits and their 
host rocks to the south in the Eskay, Sulphurets and Stewart 
mining camps, where this mid-Cretaceous structural overprint 
has been well documented (e.g., Alldrick, 1993; Bridge, 1993; 
Lewis, 2001; Febbo et al., 2019). In these areas, the mid-
Cretaceous deformation is manifested as faults and folds and in 
a commonly well-developed foliation, which is best expressed 
in less competent rock types.

In the northwest part of Bowser basin and in the Iskut region, 
Skeena belt structural trends are largely east-west, which differs 
from the northwest-southeast trends common across much of 
Bowser basin (Fig. 1). All structures in rocks of the northern 
Tatogga property align with the east-west trends of the Skeena 
belt. Although structural trends to the south, such as near 
Quash-Pass, are perhaps less well-developed and defi ned, they 
are also more or less concordant with these regional trends, as 
are the faults and folds mapped on and just beyond the limits 
of the property. This concordance suggests that the fabrics, and 
possibly faults such as the Poelzer fault, which parallels the 
orientation of foliation across the property, likely developed 
in the mid-Cretaceous. However, as is the case elsewhere in 
this part of the northern Cordillera (e.g., the Sulphurets camp, 
Nelson and Kyba, 2014; Febbo et al., 2019), such structures 
most likely had an earlier history. Conceivably, the Poelzer 
fault may have had a similar earlier history, perhaps rooted in 
basement to Stikinia.

8. Conclusion
Our recent mapping and geochronologic work helps to 

document the geologic setting of two new discoveries in 
northern Stikinia, the Saddle North porphyry copper-gold 
deposit, and the Saddle South epithermal precious metals 
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vein system. The mineralized systems are closely associated 
spatially with east-west trending latest Triassic to earliest 
Jurassic crowded hornblende monzonite porphyry of the Saddle 
intrusions (Tatogga intrusive suite), which are similar in age 
and association to previously discovered mineralized systems 
at the nearby Red Chris mine, and at the GJ and North Rok 
properties. New geochronological data, along with stratigraphic 
and structural considerations, suggest that the rocks that host 
the Tatogga intrusions and which underlie much the Klastline 
plateau are part of the Stuhini Group (Upper Triassic), rather 
than Hazelton Group. The latter outcrop in the northernmost 
part of the Tatogga property and appear to unconformably 
overlie more deformed Stuhini Group rocks. In the Tatogga 
area, hornblende-phyric volcanic rocks are common in both the 
Stuhini and Hazelton groups. However, Stuhini Group rocks 
contain abundant very fi ne-grained plagioclase feldspar and are 
darker than the Hazelton Group, which appears to have been 
deposited in an oxidizing environment.

Further mapping and geochronologic studies are needed to 
confi rm the results of our work and test our interpretations. The 
areas recommended for more work include the upper Hazelton 
Group section underlying Mount Poelzer and the northern end 
of Saddle South ridge, and the area south of the Saddle area, 
toward Quash-Pass, where further lithologic characterization 
and age control is necessary.
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Abstract
Volatile geogenic components, such as CO2, He, Rn, and Hg, form haloes in soil gas and near-surface air directly above mineral deposits. 

This contrasts with lithochemical, hydrochemical, and biochemical dispersion haloes that can be laterally displaced or obscured by transported 
overburden. Mercury vapour surveys have been used in geochemical exploration, because Hg occurs in most types of endogenic ore deposits and 
is highly mobile. In this study, we measured Hg vapour in air 1-50 cm above ground at 15 sites on Vancouver Island. To evaluate the effectiveness 
of the method across a range of settings, these sites include different types of known mineralized zones, barren rocks, and faults, both buried 
and exposed. The direct and continuous analysis via a portable RA-915M mercury analyzer reveals Hg vapour concentrations ranging from 
0.5 to 54.4 ng·m-3. The highest Hg concentration was observed above tailings at the Bentley Au occurrence, possibly due to the amalgamation 
technique used for fi ne gold extraction between late 1800s and early 1900s. Prominent Hg vapour haloes mark shear-hosted Cu-Ag-Au sulphides 
at Mount Skirt (13.4x background Hg), epithermal Au-Ag-Cu at Mount Washington (8.9x background Hg), and sediment-covered polymetallic 
volcanogenic massive sulphide at the Lara-Coronation occurrence (4.2 to 6.6x background Hg). Basalt-hosted Cu-Ag-Au sulphide zones at the 
Sunro past producer are marked by weak Hg vapour anomalies relative to local background. Faults, including the Leech River fault, which was 
active in the Quaternary, are also marked by weak Hg vapour anomalies. The study confi rms that, although the Hg level is infl uenced by weather, 
the real-time Hg vapour measurement of near-surface air can instantly delineate mineralized zones and fault structures that are buried under 
overburden 10s of m thick. In contrast to soil gas sampling, this simple and rapid technique can be applied to mineral exploration and geological 
mapping under overburden above any type of surface, including outcrops, talus, bogs, water bodies, snow, and permafrost.

Keywords: Mercury vapour haloes, near-surface air, real-time analysis, portable RA-915M mercury analyzer, overburden, Leech River fault, 
Vancouver Island, mineral exploration under cover, polymetallic volcanogenic massive sulphide, epithermal Au-Ag-Cu, shear-hosted sulphide 
Cu-Ag-Au, Lara-Coronation, Mount Washington Copper, Sunro, Bentley Au, Ralph

1. Introduction
Volatile geogenic components, such as CO2, SO2, He, Rn, 

and Hg, form haloes in soil gas and near-surface atmosphere 
directly above ore and oil and gas deposits and fault zones 
(e.g., Sokolov, 1956; Williston, 1968; Ovchinnikov et al., 
1972; Fridman, 1975; Mashyanov, 1993; Wang et al., 2006; 
Utkin and Yurkov, 2010; Kalinchuk and Astakhov, 2014; Sun 
et al., 2017; Buttitta et al., 2020; Esbríl et al., 2020; Lett et al., 
2020; Xiang et al., 2020). This contrasts with lithochemical, 
hydrochemical, and biochemical dispersion aureoles that can 
be laterally displaced or obscured by transported overburden 
(Solovov, 1985). Because volatile geogenic species are highly 
mobile, they migrate to the surface from deep sources such 
as blind and buried ore deposits and thus form superimposed 
dispersion haloes. 

Among atmochemical methods, Hg vapour surveys have 
been most useful in exploration (e.g., Sergeev, 1957; Hawkes 
and Williston, 1962; Fursov, 1990), geological mapping (e.g., 
Xiang et al., 2020), and earthquake prediction (e.g., Jin et al., 

1989; Wang et al., 2006). This is because Hg occurs in many 
hydrothermal ore deposit types, is highly mobile, and forms 
vapour haloes in soil gas and atmosphere above ore and oil and 
gas deposits, active faults, volcanoes, and geothermal zones 
(e.g., Fursov, 1970, 1983, 1990; McCarthy, 1972; Ozerova, 
1975, 1986; Nriagu and Becker, 2003; Kalinchuk and Astakhov, 
2014; Sun et al., 2017). Low background concentrations in the 
atmosphere (1.2 to 1.5 ng·m-3; Sprovieri et al., 2016) enable 
detecting even weak Hg emissions directly above buried ore 
deposits 100s of m below the surface (e.g., Krömer et al., 1981; 
Zonghua and Yangfen, 1981; Fursov, 1990; Zherebtsov et al., 
1992; Rehn and Rehn, 1996).

In the present study, we evaluate the effectiveness of real-
time Hg vapour measurement in air 1-50 cm above ground at 
15 locations on Vancouver Island. These sites include different 
types of sediment-covered and exposed mineralized zones and 
faults. We use a direct and continuous analysis of ultra-low Hg 
concentrations in air via a portable RA-915M mercury analyzer 
that has a response time of one second and a detection range of 
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0.5-20,000 ng·m-3 (Sholupov et al., 2004). Our study fi nds that 
a simple, real-time Hg vapour sampling of near-surface air can 
instantly delineate mineralized zones and faults that are buried 
under overburden 10s of m thick.

2. Geochemistry of mercury
2.1. Mercury as an indicator of endogenic processes and ore 
deposits 

Mercury is the only metal that forms vapour haloes in soil 
gas and near-surface atmosphere that currently can be directly 
detected. Mercury readily reduces to chemically stable Hg0, 
which is highly volatile, actively evaporates, adsorbs, and 
dissolves other metals (Smirnov, 1955; Sveshnikov, 1967; 
Kothny, 1973; Fursov, 1983b; Schuster, 1991; Zhang and 
Lindberg, 1999; Gu et al., 2011; Moore and Castro, 2012). 
Mercury forms more than 30 minerals, including native 
mercury and amalgams, and concentrates in low-temperature 
hydrothermal minerals such as pyrite (up to 6%), tennantite-
tetrahedrite (up to 21.9%), and sphalerite (up to 35%; Saukov 
et al., 1972). High mobility and the association with most ore 
deposit types make Hg vapour an ideal indicator of endogenic 
ore deposits and tectonic, geothermal, and volcanic activity 
(Kuznetsov and Obolensky, 1970; Ozerova, 1975, 1976, 
1977, 1979, 1986; Babkin et al., 1976; Fursov, 1977, 1983b; 
Fedorchuk, 1983; Carr et al., 1984; Stepanov, 1997; Stoffers 
et al., 1999; Nriagu and Becker, 2003; Ryzhov et al., 2003; 
Rychagov et al., 2009; Yin et al., 2020).

Predicted by A.A. Saukov, ‘mercury atmosphere’ of ore 
deposits is the basis of Hg vapour exploration method (Saukov, 
1946; Saukov et al., 1972). Along with the development of 
technology for direct analysis, Hg vapour surveys have been 
increasingly applied in exploration (Sergeev, 1957; Hawkes 
and Williston, 1962; Fedorchuk, 1964; Barringer, 1966, 1969; 
McCarthy et al., 1969, 1970; McCarthy, 1972; Fursov, 1970, 
1983a, 1990; Karasik et al., 1978; Mashyanov, 1980, 1985; 
Krömer et al., 1981; Zonghua and Yangfen, 1981; Chengliang 
et al., 1989; Zherebtsov et al., 1992; Rehn and Rehn, 1996; 
Yasutake et al., 2011; Higueras et al., 2012; Bradshaw, 2015; 
Nevolko and Fominykh, 2017). Low global background in 
atmosphere (1.2 to 1.5 ng·m-3; Sprovieri et al., 2016) refl ects 
low lithospheric background (45 ppb Hg; Rudnick and Gao, 
2005) and enables detecting even weak Hg haloes of ore 
deposits and emanations through fault zones (Ozerova, 1977; 
Mashyanov, 1980, 1985; Jin et al., 1989; Wang et al., 2006; 
Kalinchuk and Astakhov, 2014; Sun et al., 2017; Xiang et al., 
2020).

2.2. Mercury emission into the atmosphere
The global distribution of Hg in belts such as the Cordilleran 

orogen, which hosts more than 1,500 occurrences (e.g., Pinchi 
Lake ore fi eld, British Columbia) refl ects migration of Hg from 
the mantle along deep, linear structures (Fedorchuk, 1964, 
1983; Kuznetsov and Obolenskiy, 1970; Ozerova, 1976, 1977, 
1986). Some oil and gas pools in these belts have Hg resources 
comparable to those of Hg mines (Ozerova, 1975, 1976; 

Mashyanov, 1985; Ryzhov et al., 2003). Mercury migrates to 
the surface mostly as Hg0 vapour due to tectonic, hydrothermal, 
and volcanic activity (Saukov et al., 1972; Ozerova, 1977). 
Anomalous Hg emissions, including formation of modern Hg 
deposits, mark mantle plumes (e.g., Hawaii and Iceland), mid-
ocean ridges, volcanic arcs, geothermal fi elds, and active faults 
(Boström and Fischer, 1969; Eshleman et al., 1971; Aston et 
al., 1972; Carr et al., 1974, 1975; Coderre and Steinthorsson, 
1977; Ozerova, 1977; Jin et al., 1989; Stepanov, 1997; Stoffers 
et al., 1999; Nriagu and Becker, 2003; Rychagov et al., 2009; 
Kalinchuk and Astakhov, 2014). Processes such as fuel 
combustion (mainly coal) and artisanal gold mining are the 
most signifi cant anthropogenic sources of Hg emissions into 
atmosphere (Higueras et al., 2012; Dalziel and Tordon, 2014; 
Gworek et al., 2017; Mashyanov et al., 2017; UN Environment, 
2019). Elemental mercury (Hg0) vapour comprises more than 
95% of the atmospheric Hg species (Sprovieri et al., 2016). 
Generally consistent atmospheric background can be infl uenced 
by local meteorological factors such as precipitation of Hg 
adsorbed on aerosols and shows signifi cant seasonal variations 
(Williston, 1968; McCarthy et al., 1970; Krömer et al., 1981; 
Mashyanov, 1985; Dalziel and Tordon, 2014; Bradshaw, 2015).

2.3. On the origin of Hg vapour haloes in soil gas and near-
surface air

Mercury emitted into atmosphere is diluted by turbulent 
diffusion and transferred with air mass movement. Hence, Hg 
vapour haloes (up to n·103x background Hg) occur in soil gas 
and near-surface atmosphere directly above ore deposits rather 
than forming dispersal plumes (Sergeev, 1957; McCarthy et 
al., 1969, 1970; Fursov, 1970, 1983a, 1990; Krömer et al., 
1981; Mashyanov, 1985; Zherebtsov et al., 1992). Processes 
that generate Hg vapour haloes include: 1) upward diffusion-
fi ltration of Hg along permeable zones due to the temperature, 
pressure, and concentration gradients, coupled with the chemical 
stability and high mobility of Hg0 (e.g., Ozerova, 1977); 2) 
sublimation of Hg0 from Hg-bearing minerals (e.g., Smirnov, 
1955; Fursov, 1983a); 3) reduction of Hg2+ to Hg0 with CO2, H2, 
and CH4 in the supergene zone (e.g., Saukov, 1946; Mashyanov, 
1980, 1985); 4) ionic and cathode electrochemical reactions 
within ore bodies and enclosing strata (e.g., Sveshnikov, 1967; 
Mashyanov et al., 1995); 5) oxidation of Hg-bearing sulphides 
by plants and bacteria and Hg vapour transpiration from plants 
(e.g., Barringer, 1969; Gu et al., 2011; Bradhsaw, 2015). 

Soil temperature, moisture, redox potential, permeability, and 
organic matter are important factors that infl uence Hg vapour 
concentration in soil gas (McCarthy, 1972; Chengliang et al., 
1989; Schuster, 1991; Zhang and Lindberg, 1999; Choi and 
Holsen, 2009; Gu et al., 2011; Yasutake et al., 2011; Higueras et 
al., 2012; Moore and Castro, 2012; Xie et al., 2019; Esbríl et al., 
2020). Chengliang et al. (1989) suggest that Hg in overburden 
(up to 40 m thick) over the blind Fankou Pb-Zn deposit (>200 m 
below the surface) in Guangdong (China) occurs mainly as free 
vapour and adsorbed onto soil colloids such as clays and Fe-
Mn oxides. Mercury vapour haloes in soil gas are up to 40x 
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background Hg above the deposit (Chengliang et al., 1989). 
Theoretical modelling of overburden thickness and sorption 
and diffusion processes shows that the intensity of Hg vapour 
anomalies in near surface air decreases exponentially with 
increasing overburden thickness (Mashyanov, 1980, 1985; Sun 
et al., 2017). Mercury vapour anomalies in soil gas above a 
skarn Cu deposit buried under alluvium (up to 180 m thick) 
near Shanghai (China) had similar shape and intensity between 
the repeated surveys carried out in different seasons (Zonghua 
and Yangfen, 1981). 

2.4. Soil gas sampling versus near-surface air sampling
Because of higher Hg vapour concentration (Fursov, 1990; 

Zherebtsov et al., 1992), soil gas sampling is more commonly 
used than near-surface air sampling (Mashyanov, 1980; Krömer 
et al., 1981; Yasutake et al., 2011). However, soil gas sampling 
is not suitable across highly variable surfi cial materials, 
outcrops, talus, wet soil, bogs, water bodies, permafrost, and 
snow cover (McCarthy, 1972; Mashyanov, 1985). It is also 
slower compared to real-time sampling of air above ground 
which is as rapid as a geophysical survey. In addition, Hg 
analyzers using gold traps to pre-concentrate Hg from soil gas 
have variable sample conditions depending on composition and 
porosity of the surfi cial materials. Furthermore, soil moisture 
strongly impacts sorption ability of the gold trap, creating 
concentration readings bias (Mashyanov, 1985; Zherebtsov 
et al., 1992). Moreover, Hg vapour concentration in soil gas 
strongly depends on the time lapse between the borehole 
drilling and measurement, speed of drilling, depth of borehole, 
and sampler shape (Zherebtsov et al., 1992; Stepanov, 1997; 
Sun et al., 2017). In contrast, the near-surface air measurement 
is free of such sampling conditions and can be more effi cient 
(Mashyanov, 1980, 1985; Yasutake et al., 2011).

3. Geological setting, Vancouver Island
Vancouver Island is mainly underlain by Late Paleozoic 

to Early Mesozoic rocks of Wrangell terrane, with slivers of 
Pacifi c Rim and Crescent terranes along the west coast and 
southern tip of the island (Fig. 1; Muller, 1977; Nelson et 
al., 2013). Amalgamated with Alexander terrane by the Late 
Carboniferous, Wrangellia, now part of the Insular superterrane, 
accreted to inboard Intermontane terranes between Middle 
Jurassic and mid-Cretaceous (Nelson et al., 2013).

The oldest rocks of Wrangellia on Vancouver Island 
comprise volcanic and volcaniclastic strata of the Sicker Group 
(Middle to Late Devonian) and coeval felsic intrusions of the 
Saltspring plutonic suite, which record the evolution of an 
oceanic island arc. Intermediate to felsic volcanic rocks of the 
Sicker Group host signifi cant volcanogenic massive sulphide 
(VMS) mineralization (e.g., Lara-Coronation, MINFILE 
092B 129; Northcote and Muller, 1972; Muller, 1977; Massey, 
1995; Yorath, 2005; Kelso and Wetherup, 2008; Ruks, 2015). 
Epiclastic sedimentary rocks and bioclastic limestone of the 
Buttle Lake Group (Mississippian to Early Permian) overlie 
the arc strata. Folded and imbricated by thrust faults, rocks of 

the Sicker and Buttle Lake groups are exposed within several 
northwest-trending uplifts that are the result of the collision of 
Wrangellia with the North American margin between Middle 
Jurassic and mid-Cretaceous and subsequent shortening in the 
Eocene. The Paleozoic rocks are typically metamorphosed 
to greenschist facies, with amphibolite facies developed near 
granitoid bodies of the Island plutonic suite (Early to Middle 
Jurassic). 

Much of Vancouver Island is underlain by younger rocks of 
Vancouver and Bonanza groups. The Vancouver Group (Middle 
to Late Triassic) consists of fl ood basalts of the Karmutsen 
Formation overlain by limestone of the Quatsino Formation. The 
voluminous fl ood basalts of the Karmutsen Formation (about 
6 km thick), along with coeval mafi c intrusions (Mount Hall 
Gabbro), mark a plume-related, oceanic plateau superimposed 
on the Paleozoic Sicker arc. Largely subaerial mafi c to felsic 
volcanic and sedimentary strata of the Bonanza Group (Late 
Triassic to Middle Jurassic) unconformably overlie the older 
rocks. Together with coeval granitoids of the Island plutonic 
suite (Early to Middle Jurassic), they record the evolution of 
the Bonanza magmatic arc that overprinted Wrangellia and 
brought about major porphyry Cu-Mo-Au and related ore 
deposits (Carson, 1968; Northcote and Muller, 1972; Muller, 
1977; Massey et al., 1994; Yorath, 2005). The Westcoast 
Crystalline complex (Paleozoic to Jurassic) underlies much of 
Victoria and consists of metamorphosed and partially melted 
host rocks that are mixed with Jurassic intrusions.

Cyclic marine and continental sedimentary sequences 
containing coal beds of the Nanaimo Group (Late Cretaceous) 
mark deposition in a broad basin along the eastern margin of 
Wrangellia. Strongly deformed ribbon chert, argillite, phyllite, 
slate, schists, and metavolcanic rocks of the Leech River 
(Jurassic to Cretaceous) and Pacifi c Rim (Triassic to Cretaceous) 
complexes belong to the Pacifi c Rim terrane. Juxtaposed against 
the metamorphic rocks of the Leech River complex along the 
Leech River fault, basalts and gabbro of the Metchosin Igneous 
complex (Paleocene to Eocene) underlie the southern tip of 
Vancouver Island. These rocks make up the Crescent (Siletz 
in U.S.A.) terrane, which extends more than 650 km south 
to Oregon and marks the Yellowstone mantle plume-related 
oceanic plateau accreted to the continental margin between 51 
and 45 Ma (e.g., Phillips et al., 2017). The Eocene accretionary 
events caused folding and faulting of the Nanaimo Group and 
uplift, resulting in the exposure of metamorphic rocks of the 
Sicker Group and Westcoast Crystalline complex. The Leech 
River fault acted as a strike-slip fault during post-Eocene time 
and was active after the last glacial maximum ca. 17 ka (Morell 
et al., 2017). 

Along the southwestern coast, the older rocks are overlain 
by a narrow fringe of siliciclastic rocks of the Carmanah 
Group (Late Eocene to Oligocene). Intermediate and 
felsic intrusions and related breccia pipes and pyroclastic 
deposits of the Mount Washington plutonic suite (Eocene 
to Oligocene) are associated with porphyry Cu-Mo-Au and 
epithermal Au-Ag-Cu mineralization (Mount Washington 

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
115

Rukhlov, Ootes, Hickin, and Mashyanov



Fig. 1. Survey locations on southern Vancouver Island: 1 – Mount Washington; 2 – Coronation Mountain; 3 – Jordan River; 4 – Deep Cove; 
5 – Bear Hill; 6 – Elk Lake; 7 – Tod Inlet; 8 – Durance Lake; 9 – downtown Victoria; 10 – Harling Point; 11 – Colwood; 12 – Goldstream; 
13 – Skirt Mountain; and 14 – Sooke Hills. Geology after Cui et al. (2017, 2018) based on Clapp (1912, 1913), Erich and Blanshard (1921), 
Carson (1960a, b, 1968), Stevenson (1967), Guelpa and Meusy (1971), Meusy (1971), Northcote and Muller (1972), Muller (1977, 1980, 1983, 
1989), Clague et al. (1982), Massey et al. (1991, 1994), Massey (1995), Wetherup (2010), Ruks (2015), and Bodnar (2017). Terrane geology 
after Nelson et al. (2013): Outboard terranes: CR – Crescent, CG – Chugach, PR – Pacifi c Rim, YA – Yakutat; Insular terranes: AX – Alexander, 
WR – Wrangellia, m – Coast complex; Intermontain terranes: BR – Bridge River, CD – Cadwallader, CC – Cache Creek, CK – Chilliwack, 
HA – Harrison Lake, MT – Methow, OK – Okanagan, QN – Quesnellia, ST – Stikinia, SM – Slide Mountain, YT – Yukon-Tanana; Ancestral 
North American terranes: CA – Cassiar, NAb – Kootenay, NAp – North American platform, NAc – North American craton and cover.
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Copper, MINFILE 092F  117; Domineer-Lakeview, MINFILE 
092F 116). Auriferous quartz veins hosted by metamorphic 
rocks of the Leech River complex (Bentley Au, MINFILE 
092B 067) and shear-hosted sulphide Cu-Ag-Au (Sunro, 
MINFILE 092C 073; Ralph, MINFILE 092B 014) also occur on 
southern Vancouver Island (Carson, 1960a, b, 1968; Northcote 
and Muller, 1972; Muller, 1977, 1989; Yorath, 2005). Most 
of the surfi cial deposits on Vancouver Island formed during 
or after the Fraser glaciation (Late Wisconsin; Muller, 1977; 
Clague et al., 1982; Yorath, 2005).

4. Methods
Real-time mercury vapour (Hg0) mass concentrations (in 

ng·m-3) in near-surface atmosphere (i.e. the layer of air 1-50 cm 
above ground) and simultaneously measured meteorological 
conditions were acquired during foot traversing at 15 locations 
on southern Vancouver Island (Fig. 1). Mercury vapour 
concentration in air was directly and continuously measured 
via a portable RA-915M differential Zeeman mercury atomic 
absorption spectrometer using high-frequency modulated 
light polarization (ZAAS-HFM; Lumex, St. Petersburg, 
Russia; Sholupov and Ganeyev, 1995; Sholupov et al., 2004). 
The instrument has a concentration detection range of 0.5 to 
20,000 ng·m-3, a response time of one second, and an analyzed 
air fl ow of 10 L·m-1. Automatic baseline correction using a 
built-in, high-effi ciency (>98%) sorption fi lter was performed 
every 10 minutes. Both drift and the standard deviation of 
zero readings are less than 2 ng·m-3. The relative intrinsic 
error of the measurement is less than ±20%. Mercury vapour 
concentrations were automatically normalized to standard 
temperature (20°C) and pressure (101.3 kPa). We used the 
average of ten consecutive readings (1 second each), which 
were automatically stored in the analyzer’s memory. Near-
surface air was analyzed for at least 20-30 seconds at each stop 
every 2 to 50 m along a traverse. Air was sampled 10-50 cm 
above ground directly through instrument’s air intake inlet with 
a built-in dust fi lter, or 1-10 cm above ground via a 0.5 m long 
hose (20 mm diameter) attached to the air intake inlet (Fig. 2).

Meteorological parameters such as air temperature, relative 
humidity, absolute atmospheric (station) pressure, wind speed, 
and wind direction (azimuth) were simultaneously measured 
every 5 seconds using a Kestrel 5500 weather meter mounted 
on a tripod (Fig. 2). We used Garmin Glo 2 GPS-GLONASS 
and Garmin GPSMap 62sc receivers to acquire coordinates 
every 5 seconds. Relative pressure (P0) adjusted to sea-level 
(in hectopascal, hPa) was calculated according to the World 
Meteorological Organization’s barometric formula from the 
absolute pressure (P), air temperature (T), and elevation above 
sea level (h): 

      P0=P·(1-0.0065h/[T+0.0065h+273.15])-5.257 (Eqn. 1)
where elevation (h) for each data point is interpolated from 
the British Columbia Terrain Resource Information Mapping 
(TRIM) digital elevation model using GPS coordinates. 
Mercury vapour values of <0.5 ng·m-3 (total 156 values or 1.6% 
of all data) due to abnormal baseline noise were discarded. 

5. Results
Below we summarize the results of our surveys; the complete 

dataset is presented in Rukhlov et al. (2020). Mercury vapour 
survey locations include a variety of known metallic mineral 
occurrences, barren rocks, and faults on southern Vancouver 
Island (Fig. 1). Table 1 provides a statistical summary of 
the real-time Hg vapour data and simultaneously measured 
meteorological parameters (air temperature, relative humidity, 
relative pressure corrected to sea level, and wind speed). 
Appendix 1 of Rukhlov et al. (2020) provides time vs. Hg0 in 
air and vs. meteorological parameters, wind direction, and Hg0 
in air statistical plots for each survey.

Measured Hg vapor concentrations of this study range 
from 0.5 to 54 ng·m-3, averaging 1.93 ±2.98 ng·m-3 (n=9660; 
Table 1). The median value of 1.40 ng·m-3 is consistent with the 
background Hg concentration in air of the northern hemisphere 
(1.5 ng·m-3; Sprovieri et al., 2016).

5.1. British Columbia Geological Survey laboratory
To test the instrument, we measured air in the basement 

laboratory of the British Columbia Geological Survey at 
1810 Blanshard Street in downtown Victoria in the presence 
of a benchtop laboratory mercury barometer (an undisturbed 
source of elemental Hg). We also took measurements in 
adjacent areas inside and outside of the building (Fig. 3). Our 
fi rst test (July 25, 2020) revealed Hg vapour concentration up 
to 33 ng·m-3 near a W.M. Welch Scientifi c Company mercury 
barometer (Chicago, U.S.A.). Outside of the laboratory, 25 m 
away from the barometer, concentration was at the background 
level of 1.4 ng·m-3. In other areas of the laboratory, which are 
connected to a central heating, ventilating, and air-conditioning 
system, intermediate Hg vapour concentrations were observed. 
Measurements at the end of this study (August 28, 2020) 
reproduced these results (Table 1; Fig. 3). Up to 36 ng·m-3 of 
gaseous Hg0 was measured in the air about 2 m above the fl oor, 

Fig. 2. Simultaneous measurement of meteorological conditions 
and Hg vapour concentrations in near-surface air at Harling Point, 
southern Vancouver Island.
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Table 1. Statistical summary of real-time Hg vapour concentrations in near-surface air and simultaneously measured 
meteorological parameters.

Parameter N Mean σ Minimum Percentiles Maximum 
25 50 75 87 97 

All data of this study (24.07.2020-28.08.2020) 
Hg0 in air (ng·m-3) 9660 1.93 2.98 0.50 1.22 1.40 1.64 2.05 4.13 54.35 
Air temperature (oC) 9289 19.2 3.6 12.1 15.5 19.5 22.4 23.2 24.8 30.9 
Relative humidity (%) 9289 58.9 10.6 31.0 51.8 58.2 64.8 72.5 80.7 85.5 
Relative pressure (hPa) 9289 1017.8 3.2 1007.2 1015.0 1018.3 1019.8 1021.0 1023.9 1025.1 
Wind speed (m·s-1) 8915 0.8 0.8 0.0 0.0 0.6 1.2 1.7 2.7 6.3 

British Columbia Geological Survey laboratory (25.07.2020, 15:20-15:26) 
Hg0 in air (ng·m-3) 35 19.90 8.94 1.34 19.10 20.71 25.95 30.20 32.90 33.05 
Air temperature (oC) 35 23.2 0.4 22.4 23.0 23.4 23.4 23.5 23.5 23.5 
Relative humidity (%) 35 48.2 0.8 47.5 47.6 47.8 48.6 49.5 50.1 50.1 
Relative pressure (hPa) 35 1022.5 0.1 1022.4 1022.4 1022.5 1022.5 1022.5 1022.6 1022.6 
Wind speed (m·s-1) na na na na na na na na na na 

British Columbia Geological Survey laboratory (28.08.2020, 17:17-17:40) 
Hg0 in air (ng·m-3) 122 8.90 8.67 1.28 2.11 4.12 13.54 18.81 33.87 36.20 
Air temperature (oC) na na na na na na na na na na 
Relative humidity (%) na na na na na na na na na na 
Relative pressure (hPa) na na na na na na na na na na 
Wind speed (m·s-1) na na na na na na na na na na 

Bear Hill (28.08.2020, 13:22-14:55) 
Hg0 in air (ng·m-3) 490 1.24 0.17 0.72 1.12 1.24 1.37 1.45 1.58 1.81 
Air temperature (oC) 490 22.7 1.5 19.8 21.6 22.3 23.7 24.4 26.1 27.9 
Relative humidity (%) 490 52.9 3.7 42.8 50.1 53.3 56.1 57.0 57.9 58.5 
Relative pressure (hPa) 490 1018.1 0.5 1017.0 1017.9 1018.1 1018.5 1018.7 1019.0 1019.1 
Wind speed (m·s-1) 490 0.7 0.6 0.0 0.0 0.6 0.9 1.3 2.0 3.8 

Colwood (05.08.2020, 15:04-16:32) 
Hg0 in air (ng·m-3) 211 1.59 0.69 0.51 1.11 1.49 2.07 2.40 3.15 3.81 
Air temperature (oC) 45 25.6 0.6 24.2 25.2 25.6 26.1 26.4 26.7 26.8 
Relative humidity (%) 45 43.2 2.8 39.1 40.8 42.6 44.8 45.9 52.1 53.6 
Relative pressure (hPa) 45 1012.6 2.5 1007.2 1010.7 1012.7 1014.5 1016.3 1016.8 1016.8 
Wind speed (m·s-1) 45 0.9 1.0 0.0 0.0 0.8 1.3 1.7 3.5 3.5 

Coronation Mountain (06.08.2020, 10:38-14:06) 
Hg0 in air (ng·m-3) 1099 1.79 0.69 0.57 1.47 1.64 1.88 2.29 3.05 10.85 
Air temperature (oC) 1099 15.3 1.3 13.0 14.4 15.1 15.9 16.6 18.5 21.6 
Relative humidity (%) 1099 64.5 4.6 51.0 62.0 64.4 67.0 69.5 73.6 79.1 
Relative pressure (hPa) 1099 1013.0 0.9 1010.3 1012.3 1012.6 1013.5 1014.3 1015.0 1015.4 
Wind speed (m·s-1) 1099 0.7 1.0 0.0 0.0 0.0 1.1 1.8 3.6 6.3 

Coronation Mountain (12.08.2020, 10:19-15:49) 
Hg0 in air (ng·m-3) 1562 1.49 0.49 0.50 1.27 1.40 1.58 1.69 2.65 5.91 
Air temperature (oC) 1562 14.8 1.1 12.4 13.9 14.9 15.6 16.1 16.9 18.2 
Relative humidity (%) 1562 59.1 3.2 48.7 57.2 59.4 61.0 62.2 64.6 71.0 
Relative pressure (hPa) 1562 1018.4 0.6 1016.8 1018.0 1018.4 1018.9 1019.1 1019.5 1019.8 
Wind speed (m·s-1) 1562 1.1 0.9 0.0 0.4 0.9 1.7 2.2 3.1 5.2 
Deep Cove (27.08.2020, 13:24-15:02) 
Hg0 in air (ng·m-3) 519 1.27 0.19 0.78 1.16 1.27 1.38 1.46 1.60 3.06 
Air temperature (oC) 519 22.6 0.9 20.3 22.1 22.7 23.2 23.6 24.2 25.0 
Relative humidity (%) 519 53.0 3.2 46.4 51.0 52.5 54.4 56.5 61.1 63.6 
Relative pressure (hPa) 519 1018.6 0.3 1017.8 1018.4 1018.7 1018.9 1019.0 1019.3 1019.4 
Wind speed (m·s-1) 519 0.7 0.8 0.0 0.0 0.5 1.1 1.6 2.7 4.3 
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Table 1. Continued.

Parameter N Mean σ Minimum Percentiles Maximum 
25 50 75 87 97 

Durance Lake (19.08.2020, 16:02-16:58) 
Hg0 in air (ng·m-3) 298 1.18 0.21 0.75 1.04 1.17 1.30 1.38 1.58 2.55 
Air temperature (oC) 298 22.9 0.5 21.8 22.6 22.9 23.1 23.2 24.1 24.5 
Relative humidity (%) 298 56.6 2.4 50.5 55.1 56.2 58.3 59.4 61.8 63.0 
Relative pressure (hPa) 298 1013.4 0.4 1012.5 1013.1 1013.5 1013.6 1013.8 1014.1 1014.2 
Wind speed (m·s-1) 298 0.6 0.6 0.0 0.0 0.5 1.0 1.3 1.7 2.2 

Elk Lake (28.08.2020, 15:39-16:07) 
Hg0 in air (ng·m-3) 152 1.22 0.17 0.55 1.13 1.22 1.33 1.41 1.55 1.67 
Air temperature (oC) 152 20.2 0.4 19.7 20.0 20.1 20.4 20.6 21.4 21.6 
Relative humidity (%) 152 63.1 2.6 56.9 61.9 63.2 65.2 65.8 67.1 67.9 
Relative pressure (hPa) 152 1017.9 0.2 1017.4 1017.7 1017.9 1018.1 1018.1 1018.2 1018.3 
Wind speed (m·s-1) 152 0.8 0.7 0.0 0.0 0.7 1.3 1.8 2.2 2.5 

Goldstream (22.08.2020, 11:50-13:23) 
Hg0 in air (ng·m-3) 494 4.21 8.62 0.59 1.26 1.41 1.67 3.71 34.18 54.35 
Air temperature (oC) 494 19.5 0.6 18.1 19.1 19.6 19.9 20.1 20.7 21.1 
Relative humidity (%) 494 59.9 5.5 49.4 55.8 58.8 63.6 67.0 71.4 73.7 
Relative pressure (hPa) 494 1022.5 0.6 1020.8 1022.0 1022.3 1022.9 1023.2 1023.9 1024.2 
Wind speed (m·s-1) 494 0.4 0.5 0.0 0.0 0.0 0.8 1.1 1.4 2.3 

Harling Point (08.08.2020, 15:23-16:19) 
Hg0 in air (ng·m-3) 239 1.59 0.20 1.08 1.46 1.57 1.69 1.78 2.10 2.45 
Air temperature (oC) 238 16.1 1.3 12.9 15.3 15.9 16.7 17.4 19.3 21.5 
Relative humidity (%) 238 73.0 4.8 56.1 71.1 74.1 75.8 77.3 81.0 85.5 
Relative pressure (hPa) 238 1024.6 0.3 1024.0 1024.3 1024.8 1024.9 1024.9 1025.0 1025.1 
Wind speed (m·s-1) 238 1.3 0.7 0.0 0.7 1.2 1.7 2.2 2.8 3.2 

Jordan River (17.08.2020, 09:57-12:51) 
Hg0 in air (ng·m-3) 917 1.35 0.18 0.83 1.22 1.34 1.47 1.55 1.69 1.96 
Air temperature (oC) 917 19.3 1.1 17.4 18.6 19.0 19.7 20.2 22.5 24.9 
Relative humidity (%) 917 78.5 3.9 62.2 77.3 79.3 80.9 81.9 83.0 84.5 
Relative pressure (hPa) 917 1020.3 1.1 1018.1 1019.6 1020.1 1020.5 1021.3 1024.0 1024.5 
Wind speed (m·s-1) 917 0.4 0.5 0.0 0.0 0.0 0.6 0.9 1.6 3.7 

Mount Washington (25.08.2020, 13:00-15:37) 
Hg0 in air (ng·m-3) 789 2.27 1.80 0.50 1.41 1.83 2.69 3.28 5.49 16.35 
Air temperature (oC) 789 15.9 1.9 12.1 14.5 15.6 17.0 18.3 20.0 22.0 
Relative humidity (%) 789 66.7 6.7 47.0 62.9 67.0 71.5 73.8 78.4 81.3 
Relative pressure (hPa) 789 1015.5 1.1 1012.2 1014.7 1015.6 1016.3 1016.7 1017.2 1017.6 
Wind speed (m·s-1) 625 1.2 0.7 0.3 0.6 1.0 1.6 2.1 2.8 3.9 

Skirt Mountain (10.08.2020, 11:43-16:15) 
Hg0 in air (ng·m-3) 1325 2.15 2.97 0.51 1.23 1.44 1.71 2.37 15.44 19.23 
Air temperature (oC) 1325 23.4 1.5 20.7 22.3 23.2 24.2 24.9 27.0 30.9 
Relative humidity (%) 1325 53.2 4.5 38.4 50.2 52.9 56.9 58.6 60.9 65.6 
Relative pressure (hPa) 1325 1020.0 0.8 1018.0 1019.4 1019.9 1020.7 1020.9 1021.3 1022.1 
Wind speed (m·s-1) 1325 0.5 0.6 0.0 0.0 0.4 0.8 1.1 1.7 3.4 

Sooke Hills (11.08.2020, 14:17-16:43) 
Hg0 in air (ng·m-3) 769 1.30 0.20 0.74 1.17 1.29 1.42 1.53 1.73 1.92 
Air temperature (oC) 769 20.4 0.9 18.5 19.7 20.4 21.1 21.6 22.2 23.1 
Relative humidity (%) 769 41.6 4.7 31.0 38.3 41.8 45.0 46.0 48.7 57.4 
Relative pressure (hPa) 769 1014.1 0.7 1013.0 1013.7 1013.9 1014.4 1014.9 1015.9 1016.5 
Wind speed (m·s-1) 769 1.0 0.8 0.0 0.4 0.8 1.4 1.9 2.7 5.2 
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Table 1. Continued.

Parameter N Mean σ Minimum Percentiles Maximum 
25 50 75 87 97 

Tod Inlet (27.08.2020, 16:15-17:28) 
Hg0 in air (ng·m-3) 382 1.17 0.17 0.58 1.06 1.17 1.27 1.35 1.49 2.06 
Air temperature (oC) 382 23.1 0.5 21.6 22.8 23.0 23.3 23.6 24.3 25.1 
Relative humidity (%) 382 47.3 2.0 43.8 46.0 46.9 48.2 49.1 52.7 53.6 
Relative pressure (hPa) 382 1017.4 0.2 1017.0 1017.3 1017.4 1017.6 1017.7 1017.9 1018.2 
Wind speed (m·s-1) 382 0.7 0.7 0.0 0.0 0.5 1.1 1.5 2.4 3.4 

Victoria (25.07.2020, 14:56-15:20) 
Hg0 in air (ng·m-3) 130 1.76 0.32 1.18 1.51 1.76 1.96 2.19 2.39 2.51 
Air temperature (oC) 130 22.8 0.6 21.2 22.4 22.9 23.2 23.4 23.8 24.2 
Relative humidity (%) 130 48.8 1.1 46.8 48.0 48.8 49.5 50.1 51.3 51.6 
Relative pressure (hPa) 130 1022.8 0.3 1022.4 1022.6 1022.7 1022.8 1023.1 1023.6 1023.8 
Wind speed (m·s-1) na na na na na na na na na na 

Real-time Hg vapour mass concentrations in near-surface air (in nanograms per cubic metre, ng·m-3) measured via a portable RA-915M 
Zeeman mercury atomic absorption spectrometer with high frequency modulated light polarization. Meteorological parameters 
simultaneously measured using a Kestrel 5500 meter. Relative pressure (in hectopascal, hPa) adjusted to sea-level (see text for details). 
N - number of values used to calculate the statistics; σ - standard deviation; na - not analyzed. 

immediately near the barometer. Mercury vapour concentration 
gradually decreases with distance from the Hg0 source. 
Mercury vapour concentrations in ambient air of the adjacent 
areas outside the laboratory, including stairwell and breezeway
enclosures, were above the background Hg (1.77-5.31 ng·m-3)
and diluted to background father away from the laboratory on 
both basement levels and immediately outside the building 
(Fig. 3). These results show that an undisturbed, open source of 
Hg0 such as the laboratory mercury barometer generates a stable 
Hg vapour halo in the ambient air of a positively ventilated, 
closed area more than 25 m away from the source. Because 
our measurements identifi ed an environmental exposure issue, 
the mercury barometer has been sealed in a plastic bag and 
removed to permanently ventilated chemical storage. 

5.2. Coronation Mountain; Lara-Coronation polymetallic 
volcanogenic massive sulphide occurrence

The Lara-Coronation volcanogenic massive sulphide 
(VMS) Zn-Cu-Pb-Ag-Au occurrence is on southern fl ank of 
Coronation Mountain (Fig. 1; MINFILE 092B 129) and, with 
only one bedrock exposure, is mostly covered by up to 30 m 
of glacial sediments (Figs. 4, 5; Bodnar, 2017; Heberlein et al., 
2017). We carried out surveys along a forest road, spur trails, 
and across a clearcut under slightly different conditions on two 
separate days. Air was sampled 10-50 cm above ground on 
August 6, 2020, following several days and nights of rain. The 
second survey, on August 12, 2020, sampled air 1-10 cm above 
ground after six days without precipitation. Air temperature 
was similar, but atmospheric pressure was higher and relative 
humidity slightly lower on August 12th compared to those on 
August 6th. Predominantly west-southwest wind calmed by 
mid-day on August 6th, whereas predominantly east-southeast 
wind was generally consistent on August 12th (Table 1; 

Appendix 1 in Rukhlov et al., 2020).
The Lara-Coronation polymetallic occurrence comprises two 

lenses (up to 16 m thick) of banded and massive sphalerite, pyrite, 
chalcopyrite, and galena with minor tetrahedrite, tennantite, 
bornite, electrum, pearceite, and arsenopyrite (Northcote and 
Muller, 1972; Kelso and Wetherup, 2008; Wetherup, 2010; 
Ruks, 2015; Bodnar, 2017). The mineralization is hosted by 
greenschist-facies, sheared and silicifi ed felsic and intermediate 
volcanic rocks of the McLaughlin Ridge Formation (Sicker 
Group; Middle to Late Devonian), which dip steeply northeast. 
Samples of massive sulphide ore yielded up to 90 ppm Hg 
(Kelso and Wetherup, 2008; Bodnar, 2017) that is four orders 
of magnitude higher than the Clarke value for the Earth’s crust 
(45 ppb Hg; Rudnick and Gao, 2005). Associated mineralization 
includes chalcopyrite-pyrite stringers in silicifi ed shear zones 
and pyrite-rich horizons (Figs. 5, 6).

Previous multi-media geochemical studies at Lara reported 
up to 460 ppb Hg in soils and up to 133 ppb Hg in vegetation 
(Bodnar, 2017; Heberlein et al., 2017 and references therein). 
However, the Hg dispersion haloes in these media are not 
entirely linked to the polymetallic mineralization, because 
anomalous Hg concentrations cluster mainly above a barren 
pyrite-rich horizon a few hundred metres upslope, to the 
northeast (Fig. 7). In contrast, anomalous Hg vapour haloes 
were detected in near-surface air directly above the sediment-
covered Lara-Coronation VMS mineralized zones, regardless 
of the overburden thickness, air sampling height, soil moisture, 
and meteorological conditions (Figs. 8, 9). Concentrations of 
gaseous Hg0 in air range from 0.57 to 11 ng·m-3 with the median 
(background) value of 1.64 ng·m-3 on August 6th (n=1099) and 
from 0.50 to 5.9 ng·m-3 with the median (background) value 
of 1.40 ng·m-3 on August 12th (n=1562; Table 1). The strongest 
anomalies (4 to 7x background Hg) occur above the high-grade 
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Fig. 3. Real-time Hg vapour concentrations in ambient air of the British Columbia Geological Survey laboratory and adjacent areas on August 28, 
2020. a) Hg0 in air (ng·m-3) vs. time (in seconds) plot. b) Sampling locations on basement level 1 and outside the buildings. c) Sampling locations 
on basement level 2.

Fig. 4. Glacigenic overburden above the Lara-Coronation polymetallic 
volcanogenic massive sulphide occurrence.

Fig. 5. Outcrop of volcanogenic massive sulphide mineralization in 
sheared felsic volcanic rocks of the McLaughlin Ridge Formation 
(Sicker Group; Late to Middle Devonian) at the Lara-Coronation 
occurrence.
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Fig. 6. Closeup of chalcopyrite-pyrite stringers in a silicifi ed shear 
zone at the Lara-Coronation occurrence.

Fig. 7. Percentile-ranked Hg concentrations in soil and vegetation at the Lara-Coronation occurrence. Compiled geochemical data from Bodnar 
(2017) and Heberlein et al. (2017). Geology after Muller (1977), Massey et al. (1991, 1994), Massey (1995), Wetherup (2010), Ruks (2015), 
and Bodnar (2017).

ore in a fl ooded trench and on a nearby outcrop of mineralized 
volcanic rocks (Figs. 8, 9). Weaker Hg vapour haloes in near-
surface air also mark polymetallic VMS zone buried under 
30 m of glacial sediments, silicifi ed shear zones with sulphide 
stringers, pyrite-rich horizon, and a northwest-trending thrust 
fault (Fig. 9). In addition, conspicuous Hg vapour emissions 
were measured above Nanaimo Group sedimentary rocks in the 
footwall of a northwest-trending thrust fault on August 6, 2020, 
but not on August 12, 2020 (Figs. 8, 9). 

5.3. Mount Washington; Mount Washington Copper 
porphyry Cu-Mo-Au and Domineer-Lakeview epithermal 
Au-Ag-Cu mineralization 

On the northern ridge of Mount Washington (Fig. 1), the 
Mount Washington Copper past producer (MINFILE 092F 117) 
and Domineer-Lakeview developed prospect (MINFILE 
092F 116) represent porphyry Cu-Mo-Au to high-sulphidation 
epithermal Au-Ag-Cu mineralization (Carson, 1960a, b, 1968; 
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Fig. 8. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in near-surface air at the Lara-Coronation occurrence. Gridding 
interpolation based on modifi ed inverse distance weighing method. Geology legend as in Figure 7. a) Hg vapour concentrations in air 10-50 cm 
above ground on August 6, 2020. b) Hg vapour concentrations in air 1-10 cm above ground sampled using a hose on August 12, 2020.

Neville, 1963; Stevenson, 1967; Northcote and Muller, 1972; 
McDougall, 1987; Muller, 1989; Houle, 2019). We surveyed 
across an open pit at Mount Washington Copper and along a 
trail to a trench at the Domineer zone, less than 400 m to the 
south (Figs. 10, 11). 

The area is underlain by mafi c volcanic rocks of the 
Karmutsen Formation (Vancouver Group; Late Triassic) that 
are unconformably overlain by siliciclastic rocks of the Comox 
Formation (Nanaimo Group; Late Cretaceous). The youngest 
rocks are intermediate and felsic porphyry stocks, dikes, sills, 
and late breccias of the Mount Washington plutonic suite and 
related volcaniclastic strata (Eocene to Oligocene). Detachment 
faults along bedding of the sedimentary and volcaniclastic 
rocks are offset by variably trending, high-angle faults (Muller, 
1989; Houle, 2019). The late breccias host the polymetallic 
sulphide mineralization, which was discovered in 1940. 

Both Mount Washington Copper and Domineer-Lakeview are 
fl at-lying bodies (1-7.6 m thick). At Mount Washington Copper, 
a chalcopyrite-pyrite-quartz vein stockwork and disseminated 
sulphides continue for more than 750 m along the contact 
between the Comox Formation and an overlying diorite sill of 
the Mount Washington plutonic suite (Fig. 12). The Domineer-
Lakeview zone comprises quartz-pyrite-arsenopyrite breccia 

with banded sulphides, veins, and lenses within pervasive 
kaolinite and chlorite (outer envelope) alteration for 1.5 km 
along a detachment fault. Ore minerals identifi ed at both 
occurrences include chalcopyrite, tetrahedrite-tennantite, 
arsenopyrite, realgar (Fig. 13), orpiment, bornite, covellite, 
chalcocite, molybdenite, arsenic, chalcostibite, sphalerite, 
galena, and hessite (Neville, 1963; Houle, 2019).

Mercury vapour concentrations in air 10-50 cm above ground 
range from 0.50 to 16 ng·m-3, with a median (background) value 
of 1.83 ng·m-3 (n=789; Table 1). Prominent Hg0 haloes in near-
surface atmosphere (up to 9x background Hg) mark exposed 
massive arsenopyrite-pyrite±chalcopyrite±realgar veins at both 
the Mount Washington Copper southern open pit and Domineer 
trench (Figs. 10, 11). Slightly elevated Hg vapour haloes (1.3-
1.5x background Hg) also occur above breccia about 100 m 
south of the open pit. These subtle anomalies were not detected 
in initial measurements taken one hour earlier, although 
duplicated data show consistent Hg vapour concentrations 
elsewhere, regardless of fl uctuating meteorological conditions 
(Fig. 11; Appendix 1 of Rukhlov et al., 2020). We attribute the 
discrepancy to the combined effects of wind gusts, which were 
up to 4 m·s-1, increased atmospheric pressure, and decreased air 
temperature, which may have diluted and suppressed emission 
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Fig. 9. a) Bedrock geology of the Lara-Coronation occurrence and position of section lines for b) and c); modifi ed after Massey et al. (1991, 
1994), Massey (1995), Wetherup (2010), and Bodnar (2017). b) Profi le showing Hg0 (ng·m-3) in near-surface air on August 6, 2020 (sampling 
height 10-50 cm above ground; black symbols) and August 12, 2020 (sampling height 1-10 cm above ground; beige symbols) and corresponding 
average curves. c) Northwest-southeast cross section; overburden thickness after Bodnar (2017).

of gaseous Hg0 from the surface into the atmosphere during the 
initial measurements.

5.4. Jordan River; Sunro Cu-Ag-Au sulphide occurrence
The Sunro occurrence is on the eastern side of the Jordan 

River canyon (Figs. 1, 14) and is a past-producing underground 
deposit (Fig. 15; MINFILE 092C 073). The deposit is hosted 
by basalts of the Metchosin Formation that are intruded by 
a steeply dipping, wide (several 100 m), medium- to coarse-
grained, hornblende gabbro dike whose trend is parallel to a 
northwesterly fold axis in the volcanic rocks (Clapp, 1912; 
Brewer, 1918; Erich and Blanshard, 1921; Guelpa and Meusy, 
1971; Meusy, 1971; Muller, 1977; Massey et al., 1994). 
Outliers of marine sandstones and conglomerates of the 
Sooke Formation (Carmanah Group; Eocene to Oligocene) 

unconformably overlie the basalts and gabbro both to the 
southwest and northeast. Sulphide Cu-Ag-Au mineralization 
is localized in subvertical hornblendized shear zones (up 
to 40 m wide) in basalts adjacent to the dike. Ore minerals 
include mainly chalcopyrite, bornite, pyrite, and pyrrhotite, 
with minor native copper, molybdenite, arsenopyrite, cubanite 
and pentlandite. They form gash veinlets, lenticular masses, 
smears, and blebs (Starr and Frith, 1926; Toombs, 1951).

Mercury vapour concentrations in air 1-10 cm above 
ground along the traverse across the intrusive contact, several 
mineralized zones, and faults show a normal distribution 
(Appendix 1 in Rukhlov et al., 2020) and range from 0.83 to 
2.0 ng·m-3, averaging 1.35 ng·m-3 (n=917; Table 1). Overburden 
is seemingly thin (<2 m?), with bedrock exposed in steep banks 
and quarries along a trail to the River portal (Fig. 15). The 
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Fig. 10. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 10-50 cm above ground at Mount Washington Copper and 
Domineer mineralization. Gridding interpolation based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) 
based on Carson (1960a, b, 1968), Stevenson (1967), Northcote and Muller (1972), Muller (1977, 1989), McDougall (1987), and Massey et al. 
(1994). Concentrations of Hg in ore samples from Houle (2000; 2019).

Fig. 11. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) for Mount Washington Copper and Domineer occurrences (see 
Figure 10).
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Fig. 12. Flat-lying quartz-sulphide mineralized zone beneath diorite 
sill, Mount Washington Copper.

Fig. 13. Realgar in quartz-sulphide mineralized zone at Mount 
Washington Copper.

strongest Hg0 haloes (top 5 percentile: 1.7-2.0 ng·m-3) are at 
what appears to be intersection of the mineralized northwest-
striking River fault and west-northwest Central fault, and above 
the intrusive contact offset by a north-south fault immediately 
south of the B.C. Electric Forebay reservoir (Fig. 14). Several 
weaker Hg vapor haloes (95th percentile: 1.6-1.7 ng·m-3) also 
mark the Cave and Central zones and faults. Meteorological 
conditions were generally stable, and a spike in barometric 
pressure in the middle of the survey had little impact on the 
background Hg0 in air (Appendix 1 in Rukhlov et al., 2020).

5.5. Goldstream Park area; vein gold occurrence (Bentley); 
Cu-Ag-Au sulphide occurrence at Skirt Mountain (Ralph) 

We conducted two surveys north of the town of Goldstream 
(Figs. 1, 16). One was along a trail through Goldstream Park that 
extends to the quartz vein Bentley Au occurrence (MINFILE 
092B 067), the other along the fl ank of Skirt Mountain that 

includes the sulphide Cu-Ag-Au Ralph occurrence (MINFILE 
092B 014). Since the discovery of placer gold in the Goldstream 
River in 1858, the area has attracted much prospecting, with 
intermittent underground exploration and mining taking place 
until the late 1930s (Neumann, 1991; Yorath, 2005).

The Bentley Au occurrence is hosted by pervasively sheared 
ribbon chert, argillite, slate, phyllite, schist, and metavolcanic 
rocks of the Leech River complex (Jurassic to Cretaceous). An 
adit was driven along a quartz vein in schistose rocks and a shaft 
sunk upslope, about 40 m to the west (Fig. 16). The Ralph Cu-
Ag-Au occurrence is hosted by interbedded silicifi ed dacite tuff 
and cherty argillite of the Leech River complex that are cut by 
steeply dipping shear zones in the footwall of an east-dipping 
thrust fault that juxtaposes gneisses of the Wark-Colquitz 
complex (Wrangell terrane, Paleozoic to Jurassic) above the 
Leech River rocks (Fig. 16). The mineralization comprises 
en echelon lenses (0.15-1.2 m wide) of massive chalcopyrite, 
pyrrhotite, pyrite, and chalcocite with quart and calcite. For 
brief periods between 1897 and 1938, an underground mine 
produced 6655 kg Cu, 11.94 kg Ag, and 63 g Au (Neumann, 
1991). Quaternary sediments of the Colwood delta cover 
bedrock in the southwestern corner of the area (Fig. 16). 

Mercury vapour concentrations in air 10-50 cm above ground 
along   the  Goldstream  Park   traverse   range   from   0.59  to
54 ng·m-3, with a median (background) value of 1.41 ng·m-3 
(n=494; Table 1). The maximum Hg vapour concentration 
(54 ng·m-3) is above a small pit on overgrown tailings from a 
nearby shaft (Figs. 16, 17a). However, air directly above the 
shaft shows background Hg, and only up to 3x background 
Hg in air at the entrance to the adit 40 m to the east (down 
slope). Such a strong Hg emission from the tailings suggests 
that Hg amalgamation might have been used to recover gold 
from crushed ore at the Bentley mine. Mercury amalgamation 
was extensively used by the mining industry between the mid-
1800s and early 1900s (e.g., Higueras et al., 2012; Dalziel and 
Tordon, 2014). A few weak Hg anomalies (1.7-3.6 ng·m-3) also 
occur on a ridge immediately south of Bentley occurrence.

Concentrations of Hg0 in air 1-10 cm above ground on the 
western fl ank of Mount Skirt range from 0.51 to 19 ng·m-3 
with the median (background) value of 1.44 ng·m-3 (n=1325; 
Table 1). The maximum value marks an adit at the Ralph 
occurrence    (Fig.  17b).    Anomalous    Hg0    haloes   (up    to
5.4 ng·m-3) extend from the nearby oxidized tailings for more 
than 100 m to the southeast. Another conspicuous Hg vapour 
anomaly (up to 3.9 ng·m-3) is 280 m to the northeast, above 
gneisses of the Wark-Colquitz complex in the hanging wall of 
the terrane-bounding thrust fault. Elevated Hg vapour haloes 
(1.9-2.4 ng·m-3) also highlight the thrust fault (Figs. 16, 17b). 
Changing weather conditions during both surveys have little 
effect on the anomalous Hg vapour haloes in near-surface 
atmosphere (Appendix 1 in Rukhlov et al., 2020).

5.6. Sooke Hills and Colwood; Leech River fault and related 
splays

The Sooke Hills survey, south of the town of Goldstream 
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Fig. 14. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 1-10 cm above ground at the Sunro occurrence. Gridding 
interpolation based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) based on Clapp (1912), Brewer (1918), 
Erich and Blanshard (1921), Guelpa and Meusy (1971), Meusy (1971), Muller (1977), and Massey et al. (1994).

 Fig. 15. Sealed adit through the main ore zone (River) at the Sunro 
occurrence.

(Fig. 1), used the Sooke Hills Wilderness trail to traverse across 
the Leech River thrust fault, which juxtaposes cherty argillite, 
slate, phyllite, and schist interbedded with minor metavolcanic 
rocks of the Pacifi c Rim terrane (Leech River complex; Jurassic 
to Cretaceous) to the north against massive and pillowed basalt, 
basaltic hyaloclastite breccia, tuff, and rare limestone of the 
Metchosin Formation (Crescent terrane, Metchosin Igneous 
complex; Paleocene to Eocene) to the south (Fig. 18). A splay 
approximately 0.6 km to the southwest cuts volcanic rocks of 
the Metchosin Formation. Bedrock is locally exposed along the 
trail close to the thrusts. Metchosin Formation rocks display 
open folds, with fold axis trending parallel to the strike of the 
thrust faults. In the hanging wall, pervasively sheared Leech 
River complex rocks display a subvertical foliation concordant 
with the thrust (Clapp, 1912, 1913; Muller, 1977, 1980, 1983; 
Massey et al., 1994; Yorath, 2005). 

Mercury vapour concentrations in air 1-10 cm above ground 

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
127

Rukhlov, Ootes, Hickin, and Mashyanov



Fig. 17. Profi les for Hg0 in air (ng·m-3) with respect to distance along traverse (m) for Goldstream Park area (see Figure 16). a) Goldstream Park, 
Bentley occurrence. b) Skirt Mountain; Ralph occurrence, and Wrangell terrane-Pacifi c Rim terrane boundary; the traverse was in a loop hence 
the units are repeated.

Fig. 16. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in near-surface air along a trail to the Bentley Au vein occurrence in 
Goldstream park (sampling height 10-50 cm above ground) and on the western fl ank of Skirt Mountain, across the Ralph sulphide Cu-Ag-Au 
occurrence (sampling height 1-10 cm). Gridding interpolation is based on modifi ed inverse distance weighing method. Geology after Cui et al. 
(2017, 2018) based on Clapp (1912, 1913), Muller (1977, 1980, 1983), and Massey et al. (1994).
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show a normal distribution (Appendix 1 in Rukhlov et al., 
2020) and range from 0.74 to 1.9 ng·m-3, averaging 1.30 ng·m-3

(n=769; Table 1). The  top 5 percentile  values (1.6-1.9 ng·m-3)
highlight both the Leech River fault, which has a history of 
Quaternary movement (Morell et al., 2017), and its splay 
(Figs. 18, 19). Two anomalous Hg0 haloes also occur between 
the Leech River fault and its splay, possibly marking additional 
buried splays. A positive spike in atmospheric pressure 
accompanied by an increased wind speed slightly suppressed 
the background Hg vapour concentration during the survey but 
did not mask the elevated Hg0 emission above the Leech River 
fault (Appendix 1 of Rukhlov et al., 2020). 

We also took measurements at Colwood, about 6 km southeast 
of the Sooke Hills, along roads and trails through Royal Roads 
University campus. Here, the along-strike continuation of 
the Leech River fault dips steeply northeast, juxtaposing 
intrusive and metamorphic rocks of the Westcoast Crystalline 
complex (Paleozoic to Jurassic) above basalts of the Metchosin 
Formation to the southwest. A subparallel splay of the Leech 
River fault cuts basalts of the Metchosin Formation about 
0.5 km to the southwest. Sand and gravel (up to 60 m thick) 
of the Colwood delta (Capilano sediments; Quaternary) cover 
bedrock. Mercury concentrations range from 0.51 to 3.8 ng·m-3, 
averaging 1.59 ng·m-3 (n=211; Table 1; Appendix 1 of Rukhlov 
et al., 2020). Values greater than 2.7 ng·m-3 (90th percentile) 
were measured above Westcoast Crystalline complex rocks. 
Slightly elevated concentrations (1.7-2.3 ng·m-3) coincide with 
the extrapolated splay fault to the southwest.

5.7. Durance Lake; northwest-striking fault between Wark-
Colquitz complex and Bonanza Group (Wrangell terrane) 

This survey traversed across a northwest-striking, high-
angle fault that places Wark-Colquitz gneisses (Paleozoic to 
Jurassic) against Late Triassic to Middle Jurassic volcanic 
and sedimentary rocks of the Bonanza Group (Fig. 20). Wark-
Colquitz gneisses are exposed south of the Durance Lake 
and volcanic rocks of the Bonanza Group outcrop along the 
northern  shore  of  the  lake (Fig. 20).  Concentrations  of  Hg0

in  air 10-50 cm above  ground  range  from 0.75 to 2.6 ng·m-3,
averaging 1.18 ng·m-3 (n=298; Table 1). The anomalous Hg 
values greater than 1.75 ng·m-3 highlight the fault (Fig. 21), 
regardless of the minor variations in atmospheric conditions 
(Appendix 1 in Rukhlov et al., 2020).

5.8. Elk Lake; northwest-striking fault between Wark-
Colquitz complex and Karmutsen Formation (Wrangell 
terrane) 

About 5 km southeast of the Durance Lake survey, we 
traversed across the continuation of the same high-angle 
northwest-striking fault, but where it juxtaposes Wark-Colquitz 
gneisses with mafi c volcanic rocks of the Karmutsen Formation 
(Vancouver Group; Figs. 1, 22). The survey was conducted 
along the western shore of Elk Lake to evaluate Hg vapour 
emission above the bedrock units and the fault buried under a 
fringe (<2 m thick?) of Quaternary sediments. Mercury vapour 

concentrations in air 10-50 cm above ground show a normal 
distribution (Appendix 1 in Rukhlov et al., 2020), ranging from 
0.55 to 1.7 ng·m-3 with an average value of 1.22 ng·m-3 (n=152;
Table 1).  Some  of  the  top  5  percentile  values (>1.5 ng·m-3)
occur above the buried fault, but three other spikes occur 
within 150 m on both sides of the fault, perhaps marking splays 
(Figs. 22, 23).

5.9. Tod Inlet; northeast-striking strike-slip fault
This survey extends from the north shore of Tod Inlet on 

the western side of central Saanich Peninsula east to Quarry 
Lake, the site of an historical limestone quarry (Figs. 1, 24). We 
traversed across a northeast striking strike-slip fault that cuts 
mafi c volcanic rocks of the Karmutsen Formation (Vancouver 
Group; Middle to Late Triassic), limestones of the Quatsino 
Formation (Vancouver Group; Middle to Late Triassic), 
and unconformably overlying mafi c to felsic volcanic and 
sedimentary rocks of the Bonanza Group (Late Triassic to 
Middle Jurassic). Overburden thickness is less than 5 m, with 
bedrock locally exposed along the profi le.

Mercury vapour concentrations in air 10-50 cm above ground 
range from 0.58 to 2.1 ng·m-3, averaging 1.17 ng·m-3 (n=382; 
Table 1). The strongest Hg vapour halo (up to 2.1 ng·m-3) 
marks the sediment-covered strike-slip fault, and several 
weaker haloes (>95th percentile: 1.4-1.6 ng·m-3) occur above 
the volcanic and sedimentary rocks of the Bonanza Group and 
along the contact with limestone of the Quatsino Formation 
(Figs. 24, 25). Meteorological conditions were relatively 
consistent during the survey (Appendix 1 of Rukhlov et al., 
2020).

5.10. Deep Cove; northwest-striking thrust faults
Granitic rocks of the Saanich batholith (Island plutonic 

suite; Early to Middle Jurassic) and unconformably overlying 
siliciclastic rocks of the Nanaimo Group (Late Cretaceous) 
are offset by several northwest-striking thrust faults at Deep 
Cove on the western side of northern Saanich Peninsula 
(Figs. 1, 26). Air was sampled 1-10 cm above ground across 
the sediment-covered unconformity and one of the thrust faults 
and its splay, which place the granitoids exposed at Warrior 
Point against gently north-dipping Nanaimo Group sandstones 
exposed along the shore to the northwest. Concentrations of 
Hg0 in air range from 0.78 to 3.1 ng·m-3, averaging 1.27 ng·m-

3 (n=519; Table 1). The top 5 percentile values (>1.53 ng·m-

3) occur above granitic rocks immediately north of the thrust 
fault, with some 90th percentile values marking sandstones 
near the unconformity (Figs. 26, 27). Minor fl uctuations in 
atmospheric conditions did not have a notable effect on Hg0 in 
air (Appendix 1 in Rukhlov et al., 2020).

5.11. Bear Hill; intrusive contact between Island plutonic 
suite and Karmutsen Formation mafi c volcanic rocks

This survey traversed along a road and a trail to the summit 
of Bear Hill in central Saanich Peninsula, extending across 
quartz diorite and granodiorite at the southwestern margin of 
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Fig. 18. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 1-10 cm above ground at Sooke Hills. Gridding interpolation 
based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) based on Clapp (1912, 1913), Muller (1977, 1980, 
1983), and Massey et al. (1994).

Fig. 19. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) and geological cross-section at Sooke Hills (see Figure 18).
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Fig. 20. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 10-50 cm above ground at Durance Lake, west-central Saanich 
Peninsula. Gridding interpolation based on modifi ed inverse distance weighing method. Geology modifi ed after Cui et al. (2017, 2018) based on 
Clapp (1912, 1913), Muller (1977, 1980, 1983), and Massey et al. (1994).

Fig. 21. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) and geological cross-section at Durance Lake (see Figure 20).
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Fig. 22. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 10-50 cm above ground at Elk Lake, central Saanich Peninsula. 
Gridding interpolation based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) based on Clapp (1912, 1913), 
Muller (1977, 1980, 1983), and Massey et al. (1994).

Fig. 23. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) and geological cross-section at Elk Lake (see Figure 22).
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Fig. 25. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) and geological cross-section at Tod Inlet (see Figure 24).

Fig. 24. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 10-50 cm above ground at Tod Inlet, west-central Saanich 
Peninsula. Gridding interpolation based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) based on Clapp 
(1912, 1913), Muller (1977, 1980, 1983), and Massey et al. (1994).
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Fig. 27. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) and geological cross-section at Deep Cove (see Figure 26).

Fig. 26. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 1-10 cm above ground at Deep Cove, northern Saanich Peninsula. 
Gridding interpolation based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) based on Clapp (1912, 1913), 
Muller (1977, 1980, 1983), and Massey et al. (1994).
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the Saanich batholith (Island plutonic suite; Early to Middle 
Jurassic) that cut mafi c volcanic rocks of the Karmutsen 
Formation (Figs. 1, 28). Although bedrock is well exposed, no 
volcanic rocks were observed along the trail, suggesting that 
the intrusive contact is farther west than portrayed on currently 
available maps (Figs. 28, 29). Mercury vapour concentrations 
show normal distribution, ranging from 0.72 to 1.8 ng·m-3, 
averaging 1.24 ng·m-3 (n=490; Table 1; Appendix 1 of Rukhlov 
et al., 2020). The top 5 percentile spikes are spread for about 
200 m above the granitoids exposed along the trail. Because 
volcanic rocks are not exposed along the survey profi le, the 
elevated Hg emanations may mark the Saanich batholith margin. 
Data collected along the same traverse twice within 1.5 hrs were 
similar (Fig. 29), regardless of subtle changes in meteorological 
conditions. Changing weather might have infl uenced the Hg 
vapour concentrations. As wind speed and relative pressure 
decreased and air temperature increased, concentrations of 
Hg0 in air also increased (Appendix 1 of Rukhlov et al., 2020). 
Therefore, the scattered elevated Hg haloes at Bear Lake might 
simply refl ect changing meteorological conditions.

5.12. Central Victoria: Harling Point and downtown 
At Harling Point, in the municipality of Oak Bay east 

of downtown Victoria, possible tectonic mélange deposits 
including radiolarian chert, greywacke, mafi c volcanic rocks, 
argillite, pebbly mudstones, and limestone clast-bearing 
breccias of the Pandora Peak unit (Pacifi c Rim terrane) are in 
thrust contact with Wark-Colquitz gneisses (Wrangell terrane; 
Rusmore and Cowan, 1985). We sampled air 1-10 cm above 
ground across strongly deformed rocks that are exposed in a 
northwest-striking shear zone. Mercury vapour concentrations 
in near-surface atmosphere range from 1.1 to 2.5 ng·m-3, 
averaging 1.59 ng·m-3 (n=239; Table 1; Appendix 1 of Rukhlov 
et al., 2020). The terrain-bounding fault is marked by the 
anomalous Hg vapor haloes in excess of 1.98 ng·m-3 (top 5 
percentile).

To test Hg vapour levels in the urban air, we took 
measurements in downtown Victoria, which is underlain by 
intrusive and metamorphic rocks of the Westcoast Crystalline 
complex (Wark-Colquitz gneiss; Paleozoic to Jurassic) that are 
offset by northwest-striking faults and a series of northeast-
striking cross-faults. Hornblende-plagioclase and quartz-
feldspar gneisses and amphibolites display northwest-striking, 
moderately to steeply dipping foliation (Clapp, 1912, 1913; 
Muller, 1977, 1980, 1983; Massey et al., 1994; Yorath, 2005). 
Mercury vapour concentrations range from 1.2 to 2.5 ng·m-3, 
averaging 1.76 ng·m-3 (n=130; Table 1). The area underlain 
by quartz-feldspar Colquitz gneiss along Mount Stephen 
Avenue and Haultain Street has generally higher gaseous Hg0 
emission (>95th percentile: 2.3-2.5 ng·m-3) compared to that 
underlain by amphibolite, agmatite, metadiorite, metagabbro, 
and hornblende-plagioclase Wark gneiss to the southwest 
(<2.2 ng·m-3), except for one of the three consecutive values 
(1.4, 1.7, and 2.4 ng·m-3) at the same location. A positive spike 
in relative pressure during the survey had little effect on the 

measured Hg vapour concentration in near-surface air; wind 
speed and direction were not monitored during the survey 
(Appendix 1 of Rukhlov et al., 2020).

6. Discussion
By surveying 15 sites on southern Vancouver Island, 

including those with different types of mineralization (Table 2), 
this study evaluates the effectiveness of real-time Hg vapour 
sampling of near-surface atmosphere (i.e., layer of air 1-50 cm 
above ground) as a simple and instant technique for mineral 
exploration and geologic mapping in overburden-covered 
areas.

6.1. Mercury vapour haloes above mineralization
Our results show that the strongest anomalies mark auriferous 

quartz (Bentley Au occurrence; 38.5x background Hg) and Cu-
Ag-Au sulphide veins (Ralph occurrence; 13.4x background 
Hg) at the Goldstream and Skirt Mountain localities (Figs. 16, 
17). The highest Hg vapour concentrations in air (up to 
54 ng·m-3) above a fresh pit hole in tailings at the Bentley Au 
occurrence indicate that amalgamation was likely used on 
site to recover gold. Exposed epithermal Au-Ag-Cu sulphide 
veins at Mount Washington (8.9x background Hg; Figs. 10, 
11) and sediment-covered polymetallic VMS mineralization at 
the Lara-Coronation occurrence (4.2 to 6.6x background Hg; 
Figs. 8, 9) also have strong Hg vapour haloes. Ore samples 
from these occurrences contain up to 90 ppm Hg, which is four 
orders of magnitude higher than the average crustal abundance 
(45 ppb Hg; Rudnick and Gao, 2005), possibly concentrated 
in sphalerite and tennantite-tetrahedrite (Kelso and Wetherup, 
2008; Bodnar, 2017). The Hg vapour anomalies in near-surface 
air above the polymetallic VMS zone buried under 30 m of 
glacial sediments are about 3 times weaker compared to the 
Hg vapour haloes above a fl ooded trench across the VMS 
mineralization at the Lara-Coronation occurrence (Table 2; 
Fig. 9). Other styles of mineralization such as pyrite-rich rocks 
and shear-hosted chalcopyrite-pyrite stringers have much 
weaker Hg vapour haloes compared to those of the polymetallic 
massive sulphides. Notably, elevated Hg concentrations in 
A- and B-horizon soils (up to 460 ppb) and vegetation (up 
to 133 ppb) are displaced from the sediment-covered VMS 
zones and cluster above the barren pyritic horizons in volcanic 
hosts up slope (Fig. 7; Bodnar, 2017; Heberlein et al., 2017). 
In contrast, the real-time Hg vapour haloes in near-surface 
air occur directly above the VMS zones and thus are better 
indicators of the buried mineralization. Shear-hosted, Hg-poor 
Cu-Ag-Au sulphides in mafi c rocks (Sunro past-producer) at 
Jordan River are also marked by weak Hg vapour haloes in 
near-surface air (Fig. 14).

6.2. Mercury vapour haloes above faults
The terrane-bounding Leech River fault and its splay 

(Figs. 18, 19), thrust faults at the Lara-Coronation occurrence 
(Figs. 8, 9), a thrust fault at Harling Point, and other faults are 
marked by weak Hg vapour anomalies (1.3 to 2.2x) relative to 
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Fig. 29. Profi le for Hg0 in air (ng·m-3) with respect to distance along traverse (m) and geological cross-section at Bear Hill (see Figure 28).

Fig. 28. Percentile-gridded, real-time Hg vapour concentrations (ng·m-3) in air 10-50 cm above ground at Bear Hill, central Saanich Peninsula. 
Gridding interpolation based on modifi ed inverse distance weighing method. Geology after Cui et al. (2017, 2018) based on Clapp (1912, 1913), 
Muller (1977, 1980, 1983), and Massey et al. (1994).
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Fig. 30. Scatter plots of weather parameters vs. Hg vapour concentration in near-surface air for all data of this study. a) Air temperature (°C) vs. 
Hg0 in air (ng·m-3). b) R elative barometric pressure at sea-level (hPa) vs. Hg0 in air (ng·m-3). c) Relative air humidity (%) vs. Hg0 in air (ng·m-3). 
d) Wind speed (m·s-1) vs. Hg0  in air (ng·m -3). Percentiles and median concentration of Hg0 in air (1.40 ng·m-3; dashed line) based on 9660 values.

local background (Table 2). Mercury vapour anomalies in soil 
gas above modern fault zones are infl uenced by the fault slip 
rate, the degree of fault fracturing, the degree of fault locking, 
bedrock lithology, and overburden cover (Sun et al., 2017; 
Xiang et al., 2020). These factors control Hg upward migration 
and surface enrichment. The Leech River fault has been active 
after the last glacial maximum ca. 17 ka (Morell et al., 2017). 
Mercury vapour anomalies above it and its splays indicate that 
these structures serve as conduits for geogenic gases, such has 
been described from elsewhere by Jin et al. (1989), Stepanov 
(1997), Stoffers et al. (1999), Wang et al. (2006), and Xiang et 
al. (2020). Other faults in the Victoria area also have associated 
Hg anomalies, which may indicate Neotectonic activity. 
Elevated Hg vapour emission (1.4 to 1.5x background Hg) also 
occurs above the southwestern margin of the Saanich granitoid 
batholith at Bear Hill (Figs. 28, 29) and above felsic rocks of 
the Westcoast Crystalline complex in Victoria (Table 2).

6.3. Meteorological effects
Air and soil temperature, soil moisture, solar radiation, and 

atmospheric pressure infl uence the emission of Hg vapour 
from overburden, whereas wind and turbulent movement 
of air both dilute and transport gaseous Hg0 escaping to the 
atmosphere (e.g., McCarthy, 1972; Gustin et al., 1997; Zhang 
and Lindberg, 1999; Xie et al., 2019). Although the mercury 
vapour concentrations in near-surface air measured in the 
present study generally show little effects of air temperature, 
relative humidity, and atmospheric pressure (Figs. 30a-c), minor 
variations of background Hg concentrations accompanied by 

rapid changes in these parameters were noted at some locations 
(Appendix 1 of Rukhlov et al., 2020). Elsewhere, the mercury 
content of soil gas and air shows considerable diurnal as well 
as seasonal variations (e.g., Krömer et al., 1981; Dalziel and 
Tordon, 2014). 

Wind speeds did have an effect in the present study (Fig. 30d). 
The diffusion of gaseous Hg in near-surface atmosphere is 
controlled by active turbulent mixing of air. Experimental 
and theoretical modelling of atmospheric diffusion show that 
wind can dilute, deform, shift, or destroy gaseous Hg haloes 
in near-surface atmosphere, with 4 m·s-1 being the critical 
speed at which a gas halo becomes unstable and turns into 
a plume (Mashyanov et al., 1985 and references therein). 
In the present study, at a wind speed of about 4.5 m·s-1, the 
range of measured concentrations approached the background 
(median) concentration of 1.40 ng·m-3 (Fig. 30d), consistent 
with the fi ndings of other studies (Williston, 1968; McCarthy, 
1972; Mashyanov, 1980, 1985; Gustin et al., 1999; Yasutake 
et al., 2011). In contrast, molecular diffusion of Hg0 from a 
static source (Hg barometer) in the closed space of the British 
Columbia Geological Survey laboratory generated a stable 
Hg vapour halo, which gradually diffused to background Hg 
concentrations 25 metres away from the metal source.

Rain has little infl uence on concentrations of gaseous Hg0 in 
the atmosphere, removing mainly Hg adsorbed on particulates 
and aerosols (Saukov, 1946; McCarthy, 1972; Mashyanov, 
1985). Water bodies, bogs, snow, and permafrost do not block 
Hg emission into the atmosphere from underlying bedrock 
sources (McCarthy, 1972; Mashyanov, 1985). However, the 
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effect of rapid changes in soil moisture is that as water fi lls 
pore space in soil, Hg temporarily accumulates in the top layer, 
adsorbing on soil particles. Subsequent heating and drying 
of the soil surface by solar radiation causes desorption and 
exhalation of Hg0 into the atmosphere. Depending on the type 
and permeability of surfi cial materials, rapid changes in soil 
moisture can increase the intensity of Hg vapour anomalies 
(Mashyanov, 1980, 1985; Zherebtsov et al., 1992). The effect of 
soil moisture might explain the variable intensity of Hg vapour 
haloes at the sediment-covered Lara-Coronation polymetallic 
VMS occurrence (Figs. 8, 9; Table 2). Mercury anomalies in 
near-surface air were about 1.6x stronger when the surface was 
still wet a few hours after the rain, compared to the intensity of 
the same anomalies above the dry surface following six days 
without rain (Fig. 9). Weather was a mix of sun and clouds, 
with similar air temperature, relative humidity, and wind speed, 
but slightly different atmospheric pressure, during both surveys 
(Appendix 1 of Rukhlov et al., 2020).

7. Conclusion
We measured real-time Hg vapour concentrations 1-50 cm 

above ground at 15 locations that include polymetallic VMS, 
epithermal Au-Ag-Cu, shear-hosted sulphide Cu-Ag-Au, 
auriferous quartz veins, fault structures, and barren rocks on 
Vancouver Island. Direct and continuous (one measurement 
per second) monitoring of ultra-low Hg concentrations in 
air was made with a portable RA-915M Zeeman mercury 
atomic absorption analyzer. Meteorological conditions (wind 
speed and direction, air temperature, relative humidity, and 
atmospheric pressure) were simultaneously measured using 
a Kestrel 5500 meter. Mercury vapour concentrations (total 
9660 measurements) acquired in this study range from 0.50 to 
54 ng·m-3, with a background (median) value of 1.40 ng·m-3 being 
consistent with the global background Hg in the atmosphere. 
The strongest Hg emission occurs above tailings from a shaft at 
the Bentley Au occurrence north of Goldstream, possibly due 
to a mining method involving amalgamation between the late 
1800s and early 1900s. Mercury vapour haloes in near-surface 
air (1.5 to 13.4x background Hg) mark all the mineralized zones 
in this study, including the Lara-Coronation polymetallic VMS 
buried under glacial sediments up to 30 m thick. The terrane-
bounding Leech River and other faults are also highlighted 
by Hg vapour haloes that are 1.3 to 2.2x local background; 
because the Leach River fault has been active since the last 
glacial maximum, it is possible that some of these other faults 
have been as well. Wind and rapid changes in air temperature, 
atmospheric pressure, and soil humidity can infl uence the 
intensity of the gaseous Hg anomalies. Nonetheless, sampling 
of near-surface air can instantly delineate mineralized zones 
and faults that are buried. This simple and rapid method can 
be used in both regional- and property-scale exploration 
for ore deposits, oil and gas, geothermal zones, earthquake-
hazard assessment, geological mapping, and environmental 
monitoring. Future detailed surveys could enhance anomaly 
contrasts by passive air sampling using Hg fl ux chambers, or by 

sampling air above the disturbed, top 5-3 cm layer of surfi cial 
sediment. The mechanical disturbance of the sample site 
liberates Hg0 adsorbed onto soil particles. In addition, sampling 
air under a bucket by using a hose like that of Yasutake et al. 
(2011) would minimize the effects of atmospheric turbulence 
and wind. 
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Abstract
A multi-media surfi cial geochemical survey was carried out by the British Columbia Geological Survey in 2000 to document the geochemical 

expression of massive sulphide and gold-quartz vein mineralization at the Ace mineral property, near Likely. Much of the bedrock on the property 
is concealed by lodgement (basal) till, which was deposited by a southeast to northwest ice advance, ablation till, and colluvium. Soil samples 
from the B-horizon soil and transitional B-C horizon, and lodgement till were collected from 85 sites and the <0.063 mm (-230 mesh fraction) 
was analyzed for more than 50 minor and trace elements and major oxides by three methods: modifi ed aqua regia dissolution-inductively coupled 
plasma mass spectrometry; instrumental neutron activation; and lithium metaborate fusion-inductively coupled plasma emission spectroscopy. 
Samples were also analyzed for carbon, sulphur, and loss on ignition. Five size fractions ranging from 1-2 mm to 0.125-0.063 mm of selected till 
and soil samples were analyzed for 35 trace elements by modifi ed aqua regia dissolution followed by ICP-MS.

The commodity and pathfi nder metals Au, As, Bi, Co, Cu, Pb, Se, and Zn are present in higher concentrations in the <0.063 mm fraction 
of the basal till than in the B-horizon soil, likely because the metal content in the silt- and clay-sized fraction of till more closely refl ects the 
chemistry of bedrock after comminution and dispersal. However, Ag and Hg have higher concentrations in the B-horizon soil where they were 
likely captured and concentrated by organic matter during soil formation. Till and soil size fraction analysis for metals show that Au and Pb are 
present in soil and till as discrete mineral grains larger than 0.063 mm. Anomalous Co, Cu, Pb, Se, and Zn concentrations in till and soil defi ne 
a ribbon-shaped dispersal train along the northern edge of the survey area. The train formed from glacial erosion of mineralized bedrock, that 
was then transported and deposited by an east to west ice fl ow. This train was then subjected to post-glacial modifi cation by colluvial processes. 
The trace element dispersal profi les suggest a massive sulphide source for the anomalous metals in bedrock beneath the till at the east end of the 
dispersal train. Potentially, other till and soil Au and As anomalies in the western and southern parts of the survey area could have been derived 
from unmapped, northeast-trending Au-quartz veins. 

Keywords: Surfi cial geochemistry, till, B-horizon soil, Ace property, ICP-MS, drift prospecting

1. Introduction
Dispersal trains of minerals and rock debris in glacial 

sediment have long-been used to detect mineralized bedrock 
beneath glacially transported sediments, and the application of 
this concept has resulted in many successful till geochemical 
surveys in Canada (e.g., Hickin and Plouffe, 2017; McClenaghan 
and Paulen, 2018). In British Columbia, several examples have 
documented till geochemistry patterns related to a known 
mineralized bedrock source: Mount Milligan (Sibbick et al., 
1996); Samatosum Mountain (Paulen, 2001); Bell Copper 
(Levson, 2001, 2002); Huckleberry (Ferbey and Levson, 2009; 
Ferbey et al., 2012); Mount Polley (Hashmi et al., 2015); and 
Blackwater Davidson (O’Brien et al., 1997; Averill, 2017). 

Geochemical soil surveys (i.e., B-horizon soil samples) 
are still commonly used in for mineral exploration in British 
Columbia because they are faster and less labour intensive 
than till sampling. However, in glaciated terrain soil survey 
results can be misleading because the geochemical anomalies 
at surface typically do not overlie mineralization. Instead 

anomalies refl ect metal-rich till that was displaced down-
ice from a bedrock source. Chemical processes are largely 
responsible for element dispersion in soil whereas in till, the 
dispersal mechanism is mechanical. Soils are also subject to 
other surfi cial post-glacial modifi cations such as colluvial 
processes, which have been shown to deform and alter the 
surface geometry of dispersal trains (Paulen, 2001). Numerous 
studies have been carried out in British Columbia to better 
understand the complex relationship between soil and till 
geochemistry and mineralized bedrock such as in the Babine 
porphyry copper belt (Levson, 2002), over the Galaxy property 
near Kamloops (Kerr et al., 1993; Lett, 2010), in the Adams 
Lake area (Lett, 2001) and at Mouse Mountain (Lett, 2009). 

This paper describes B-horizon soil and C-horizon glacial 
sediment sampling on the Ace mineral property (BC MINFILE 
093A 142) in the east Cariboo Lake area of central British 
Columbia (Fig. 1) to establish relationships between the soil and 
till geochemistry in an area where bedrock is mainly concealed 
by lodgement till, ablation till, and colluvium. The Ace mineral 
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property was discovered in 1993 by Mr. Louis Doyle who 
identifi ed gold grains in sediment panned from a creek fl owing 
through the area. Subsequent prospecting revealed a sulphide-
mineralized boulder train crossing the property for several 
km. Since 1993, mineral exploration identifi ed evidence of 
base metal massive sulphide mineralization and gold-quartz 
sulphide veins hosted by Paleozoic metasedimentary and 
metavolcanic rocks of the Snowshoe Group (Höy and Ferri, 
1998). In 2000, a detailed soil and glacial sediment sampling 
program directed by Peter Bobrowsky, collected 97 till and 
81 B and B-C soil horizon samples from 85 sites (Bichler and 
Bobrowsky, 2000; Lett et al., 2005). This paper describes and 
presents interpretations of the soil and till geochemistry for the 
commodity and pathfi nder elements Ag, Au, As, Cu, Co, Pb, 
Se, and Zn.

2. Survey area description
2.1. Physiography

The Ace property is in the Quesnel Highland, a physiographic 
subdivision of the Interior Plateau (Fig. 1; Holland, 1976). The 
property is accessible along gravel roads from the village of 
Likely, 34 km to the southwest. Topography refl ects the erosion 
of a highly dissected plateau with a moderate relief. The area 
is drained by the Little River and its tributaries, which fl ow 
west into Cariboo Lake. Most of the sampling sites are on a 
glaciated, northeast-facing valley slope between a ridge to 
the south and the steep walled Little River valley to the north. 
Forest canopy species include White spruce, sub-alpine fi r, 
Douglas fi r, Lodgepole pine, and aspen with an understory of 
Devils Club, alder and blackberry. Depending on the surface 
environment and site drainage, organic, luvisolic, podzolic or 
brunisolic soils have formed on the glacial deposits. 

2.2. Surfi cial geology
The region is blanketed by glacial sediments deposited by 

the Late Wisconsin Cordilleran Ice Sheet with local post-

glacial modifi cation by Holocene colluvial processes (Bichler 
and Bobrowsky, 2000). Ice-fl ow indicators in the region 
surrounding the Ace property are shown in Figure 2. The limits 
and extent of a mineralized boulder fi eld in the Ace study area 
was mapped by Bicher and Bobrowsky (2000); glacial deposit 
samples included basal till and ablation till (Fig. 3). The basal 
till has been reworked into colluvium on the steeper slopes of 
the Little River valley. Ablation till, identifi ed at three sample 
sites to the south-east of the boulder fi eld, may refl ect englacial 
or supraglacial sediment deposited in the Little River valley 
during retreat of the ice sheet. Basal till was deposited by ice 
that fl owed from the Cariboo Mountains towards the northwest. 
One ice-fl ow measurement of 165° (P. Bobrowsky, pers. 
comm., 2000) indicates that ice advanced from the southeast to 
northwest parallel to the Little River valley. 

Fig. 1. Ace project location.

Fig. 2. Regional ice-fl ow indicators in the area near the Ace property 
(after Arnold and Ferbey, 2020; Bobrowsky, pers. comm., 2000).

2.3. Bedrock geology and mineralization 
Tan to pale grey or green and dark grey graphitic phyllite 

of the Snowshoe Downey succession (lower to middle 
Paleozoic) underlie the Ace property (Fig. 4). Höy and Ferri 
(1998) suggested that these phyllites originated as fi ne-grained 
sedimentary rocks, but that green, massive chloritic phyllites 
visible in trenches may be metamorphosed mafi c volcanic 
rocks. Amphibolites outcropping on the hill slope south of 
the area sampled were interpreted by Höy and Ferri (1998) as 
diorites or possibly felsic volcanic rocks. North of the Little 
River, bedrock consists of limestone, black phyllite, and 
siltstone of the Snowshoe Bralco succession and predominantly 
quartzite and sandstone of the Cariboo Group (Ferri and 
O’Brien, 2002). The contact between the Cariboo Group and 
the Bralco succession is a thrust fault; this thrust is cut by 
two northeast-trending faults that extend into the Snowshoe 
Downey sedimentary rocks. 

Massive sulphide bodies and gold hosted in quartz veins are 
two deposit types suspected to be present on the Ace property 
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Fig. 3. Glacial sediment sample locations and types of sediment identifi ed; extent of a mineralized boulder fi eld from Bicher and Bobrowsky 
(2000).

Fig. 4. Bedrock geology of the survey area (after Cui et al., 2017).
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based on evidence from fl oat samples, trench exposures, and 
outcrop. Massive pyrite and pyrrhotite form lenses up to 1.2 m 
thick in quartz-feldspar-muscovite-chlorite-biotite-garnet 
schists and ‘felsite’ interbeds (BC MINFILE 093A 142). 
Chalcopyrite and sphalerite have also been reported in bedrock 
and boulders (Höy and Ferri, 1998), but sulphide concentrations 
are typically less than one percent. Höy and Ferri (1998) 
interpreted the mineralization to be Besshi-type (Cu-Zn) 
volcanic massive sulphide (VMS). In addition to the massive 
sulphides, Au-bearing quartz veins have also been identifi ed 
on the property, folded within and cross cutting the phyllites 
(Höy and Ferri, 1998). The veins contain native Au, cubanite, 
native bismuth, and tourmaline. Geochemical analysis of the 
vein rock shows elevated Fe, As, Au, Ag, Zn, Cu, Bi, and Te 
concentrations (Höy and Ferri, 1998). 

3. Sampling, sample preparation, and analysis
Soil and the parent glacial sediment (i.e., till) were collected 

on the Ace property at sites between 150 to 200 m apart along 
the roads using a small backhoe excavator to dig a trench one 
m wide and several m deep (Fig. 5). After fully describing the 
soils and the tills upon which they were developed, samples 
of the B-horizon soil (0.1 to 0.6 m; mean depth 0.28 m), 
transition from B to C (B-C) horizon (0.2 to 1.1 m mean depth 
0.61 m), and C-horizon (0.6 to 3.2 m; mean depth 1.34 m) were 
described and collected from the trenches for analysis at each 

site. Bondar and Clegg Laboratories, North Vancouver, air 
dried the samples and split them into two sub-samples. One 
sub-sample was sieved to <0.063 mm grain size (-230 mesh) 
and the second sub-sample was retained as a character sample. 
The samples were returned to the British Columbia Geological 
Survey laboratory in Victoria, for addition of quality control 
samples before analysis at commercial laboratories. 

A 0.5 gram aliquot of the <0.063 mm fraction of each 
sample was analyzed by Acme Analytical Laboratories Ltd., 
(now Bureau Veritas) Vancouver, for 37 elements including 
Ag, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Se, Tl, and Zn 
by a modifi ed aqua regia digestion (1:1:1 solution of HNO3-
HCl-H2O acids) and a combination of inductively coupled 
plasma-mass spectrometry (ICP-MS) and inductively coupled 
plasma-emission spectroscopy (ICP-ES). A second aliquot of 
the <0.063 mm fraction (~30 g) was analyzed by Activation 
Laboratories, Ancaster, Ontario, by instrumental thermal 
instrumental neutron activation analysis (INAA) for Au and 32 
elements. 

Selected till and soil samples were also sieved into -10 to 
+18 mesh (1 to 2 mm); -18 to +35 mesh (0.5 to 1 mm); -35 to 
+60 mesh (0.250 to 0.5 mm); -60 to +120 mesh (0.125 to 0.250 
mm) and -125 to - 230 mesh (0.063 to 0.125 mm) size fraction. 
Samples of each of the fractions were analyzed for 37 elements 
including Ag, As, Au, Bi, Cd, Co, Cu, Fe, Hg, K, Mo, Ni, Pb, 
Sb, Se, Te, Tl, and Zn by modifi ed aqua regia digestion (1:1:1 

Fig. 5. Till and soil sample locations.
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solution of HNO3-HCl-H2O acids) followed by ICP-MS/ES. 
This paper describes the geochemistry of 16 of the elements; 
the full dataset will be presented elsewhere (Lett and Paulen, 
2021). 

4. Quality control measures
No reliable interpretation of geochemical data is possible 

unless there is an estimate of the variability, expressed as 
precision, introduced by the sampling and by the sample 
analysis. Precision of the Ace geochemical data is estimated 
by statistical analysis of results from the analysis of sieved 
duplicate samples collected at fi eld sites, sieved duplicates 
prepared in the laboratory, and randomly inserted standard 
reference materials. Table 1 lists detection limits, mean values, 
and percent relative standard deviation (% RSD) for Ag, As, 
Au, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Sb, Se, Te, Tl, and Zn 
in six samples of the British Columbia Geological Survey in-
house standard (Till 99) that were analyzed by a modifi ed aqua 
regia digestion followed by ICP-MS and for Au by INAA. 
Except for Au, the RSD is less than 15% and the precision 
is considered acceptable. The greater Au precision by INAA 
of 12.1%, as compared with 18.7% by aqua regia-ICP-MS, 
refl ects the larger aliquot (typically 30 g) used for the INAA 
analysis.

An average coeffi cient of variation, or CVAVR(%) calculated 
from a formula proposed by Abzalov (2008) provides an estimate 
of sampling precision from the fi eld and laboratory duplicate 
data (Eqn. 1). In the formula, the terms a and b represent the 
analyses of the fi rst and second of the duplicate sample pair 

Element DL Mean Pct RSD

Ag ppb ICP 2 1351 4.3

As ppm ICP 0.1 57.5 8.1

Au ppb ICP 0.2 26.6 18.7

Au  ppb  INAA 2 33.40 12.1

Bi ppm ICP 0.02 0.25 2.0

Cd ppm ICP 0.01 0.67 8.5

Co ppm ICP 0.1 45.0 7.4

Cu ppm ICP 0.01 168.69 2.1

Hg ppb ICP 5 377 3.3

Mo ppm ICP 0.01 0.80 5.6

Ni ppm ICP 0.1 210.6 2.8

Pb ppm ICP 0.01 209.77 2.5

Sb ppm ICP 0.02 10.64 1.9

Se ppm ICP 0.1 0.8 13.3

Te ppm ICP 0.02 0.29 5.1

Tl ppm ICP 0.02 0.10 4.9

Zn ppm ICP 0.1 357.1 6.3

Table 1. Detection limits (DL), mean values, and percent 
relative standards deviations from six analyses of the British 
Columbia Geological Survey standard Till 99 determined by 
modifi ed aqua regia digestion-ICP-MS and Au by instrumental 
neutron activation (INAA).

Element
Zn  ppm ICP 5.0 2.7
Tl  ppm ICP 5.4 3.6
Ni  ppm ICP 7.6 4.2

Co  ppm ICP 8.8 4.5
Pb  ppm ICP 8.8 4.4
Mo  ppm ICP 9.4 4.3
Cu  ppm ICP 10.0 2.4
As  ppm ICP 13.3 7.4
Se  ppm ICP 15.1 36.7
Hg  ppb ICP 18.1 25.5

Cd  ppm ICP 21.2 14
Ag  ppb ICP 22.2 6.4

Sb  ppm ICP 23.3 34.9

Te  ppm ICP 31.9 24.9

Bi  ppm ICP 41.6 5.7

Au  ppb ICP 49.7 48.4

Au  ppb INAA 66.1 87

Table 2. Average coeffi cient of variation (CVAVR(%)) calculated 
from the analysis of 15 till and B-horizon soil fi eld duplicate 
samples analyzed for trace metals by modifi ed aqua regia 
digestion-ICP-MS and for Au by instrumental neutron activation 
(INAA). The fi eld duplicate CVAVR(%) values are sorted by 
increasing size. Average coeffi cient of variation values below 
15% (in green) indicate good data quality, values between 15 
and 30% (in blue), are acceptable quality and values over 30% 
(in red) refl ect marginal to poor data quality.

and N is the number of duplicate pairs. Values can range from 
0%, where duplicate pairs have identical concentrations, to an 
upper value above 141.21% (i.e., the square root of 2) where 
duplicate results exhibit maximum differences. 

In Table 2, the CVAVR(%) values for each element in the 
<0.063 mm fraction of 15 till-soil fi eld duplicate sample pairs 
analyzed by aqua regia-ICP-MS/ES and Au by INAA are sorted 
in order of their increasing fi eld duplicate CVAVR(%) value (i.e., 
good to poor precision). Average coeffi cient of variation values 
below 15% (green) indicate good data quality, values between 
15 and 30% (blue) acceptable quality, those over 30% (red) 
marginal to poor quality. Gold Se, Hg, Te, and Bi have marginal 
precision and the data for these elements should be interpreted 
with caution. 

5. Summary statistics
Tables 3, 4, and 5 list minimum, mean, median, standard 

deviation (SD), 3rd quartile, 80th percentile, 90th percentile, 
95th percentile and maximum values for trace elements in 97 
till samples, 26 B-C horizon soil samples, and 55 B-horizon 
soil samples. Median and 3rd quartile values in the three tables 
reveal that the elements can: 1) decrease from the till through 
the B-C horizon to the B horizon; 2) remain essentially the 
same; or 3) decrease. Silver, Cd, and Mo are higher in the 
B-horizon soil compared with till, whereas Au, Cu, As, and Zn 
are higher in the till (Table 6). 

Eqn. 1
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Element Minimum Mean Median SD 3rd Quartile 80 percentile 90 percentile 95 percentile Maximum

Ag  ppb  ICP 4.00 60.92 42.00 62.08 77.00 83.40 113.00 179.60 460.00

As  ppm  ICP 1.10 9.34 3.50 14.91 6.70 8.94 24.02 53.42 69.60

Au  ppb  ICP 0.60 7.36 3.50 16.15 5.70 6.64 12.28 16.06 132.40

Au  ppb  INAA 1.00 6.02 1.00 10.01 8.00 9.80 16.00 22.00 74.00

Bi  ppm  ICP 0.23 1.28 0.89 1.51 1.28 1.36 1.92 3.07 10.54

Cd  ppm  ICP 0.01 0.21 0.10 0.25 0.22 0.29 0.58 0.79 1.26

Co  ppm  ICP 13.70 30.17 27.50 10.98 34.70 36.68 41.04 50.13 76.10

Cu  ppm  ICP 28.70 77.66 74.94 23.42 88.35 95.35 101.61 111.85 163.80

Hg  ppb  ICP 5.00 19.06 17.00 9.89 24.00 25.60 30.00 33.00 60.00

Mo  ppm  ICP 0.36 1.84 0.95 2.49 1.73 2.30 4.05 5.65 16.69

Ni  ppm  ICP 37.30 65.97 64.60 16.70 72.80 77.70 91.28 96.86 113.20

Pb  ppm  ICP 7.25 29.57 19.04 29.52 32.34 35.01 63.09 77.30 231.55

Sb  ppm  ICP 0.01 0.07 0.06 0.07 0.08 0.09 0.14 0.19 0.45

Se  ppm  ICP 0.05 0.54 0.40 0.41 0.80 0.90 1.10 1.20 1.90

Te  ppm  ICP 0.01 0.07 0.06 0.04 0.08 0.08 0.10 0.16 0.24

Tl  ppm  ICP 0.08 0.27 0.25 0.09 0.08 0.32 0.38 0.45 0.64

Zn  ppm  ICP 58.70 115.40 94.90 55.35 133.90 133.94 177.44 208.85 415.90

Element Minimum Mean Median SD 3 Quartile 80 percentile 90 percentile 95 percentile Maximum

Ag  ppb  ICP 28 224 188 141 281 298 400 495 665

As  ppm  ICP 1.30 6.07 3.30 11.35 5.10 5.22 7.96 17.82 79.90

Au  ppb  ICP 0.10 5.02 1.70 15.39 2.85 3.12 4.32 18.40 109.90

Au  ppb  INAA 1 3 1 4 1 4 10 14 16

Bi  ppm  ICP 0.33 1.01 0.76 1.20 1.09 1.15 1.56 1.97 9.06

Cd  ppm  ICP 0.03 0.21 0.17 0.14 0.27 0.29 0.40 0.45 0.67

Co  ppm  ICP 7.70 18.42 17.10 6.38 21.95 23.52 26.92 30.50 38.30

Cu  ppm  ICP 15.24 43.17 38.21 19.35 54.92 56.33 63.76 74.35 109.62

Hg  ppb  ICP 7 77 75 29 90 98 113 121 158

Mo  ppm  ICP 0.55 1.76 1.31 1.37 2.10 2.22 3.37 4.01 8.88

Ni  ppm  ICP 15.4 41.5 37.7 16.9 52.8 55.5 65.9 74.9 91.2

Pb  ppm  ICP 10.25 21.00 16.90 13.20 21.35 23.50 36.61 49.26 74.97

Sb  ppm  ICP 0.01 0.07 0.06 0.05 0.09 0.09 0.12 0.14 0.32

Se  ppm  ICP 0.1 0.6 0.6 0.2 0.7 0.8 1.0 1.1 1.2

Te  ppm  ICP 0.01 0.05 0.04 0.03 0.06 0.06 0.08 0.09 0.15

Tl  ppm  ICP 0.08 0.15 0.15 0.04 0.17 0.17 0.20 0.22 0.23

Zn  ppm  ICP 38.5 104.9 92.5 47.0 119.9 132.2 153.5 200.1 295.2

Table 3. Statistics for trace element data for 97 till samples analyzed by modifi ed aqua regia digestion-ICP-MS and INAA (Au).

Table 4. Statistics for trace element data for 26 B-C soil horizon samples analyzed by modifi ed aqua regia digestion-ICP-MS 
and INAA (Au).
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Element Minimum Mean Median SD 3 Quartile 80 percentile 90 percentile 95 percentile Maximum

Ag  ppb  ICP 28 224 188 141 281 298 400 495 665

As  ppm  ICP 1.30 6.07 3.30 11.35 5.10 5.22 7.96 17.82 79.90

Au  ppb  ICP 0.10 5.02 1.70 15.39 2.85 3.12 4.32 18.40 109.90

Au  ppb  INAA 1 3 1 4 1 4 10 14 16

Bi  ppm  ICP 0.33 1.01 0.76 1.20 1.09 1.15 1.56 1.97 9.06

Cd  ppm  ICP 0.03 0.21 0.17 0.14 0.27 0.29 0.40 0.45 0.67

Co  ppm  ICP 7.70 18.42 17.10 6.38 21.95 23.52 26.92 30.50 38.30

Cu  ppm  ICP 15.24 43.17 38.21 19.35 54.92 56.33 63.76 74.35 109.62

Hg  ppb  ICP 7 77 75 29 90 98 113 121 158

Mo  ppm  ICP 0.55 1.76 1.31 1.37 2.10 2.22 3.37 4.01 8.88

Ni  ppm  ICP 15.4 41.5 37.7 16.9 52.8 55.5 65.9 74.9 91.2

Pb  ppm  ICP 10.25 21.00 16.90 13.20 21.35 23.50 36.61 49.26 74.97

Sb  ppm  ICP 0.01 0.07 0.06 0.05 0.09 0.09 0.12 0.14 0.32

Se  ppm  ICP 0.1 0.6 0.6 0.2 0.7 0.8 1.0 1.1 1.2

Te  ppm  ICP 0.01 0.05 0.04 0.03 0.06 0.06 0.08 0.09 0.15

Tl  ppm  ICP 0.08 0.15 0.15 0.04 0.17 0.17 0.20 0.22 0.23

Zn  ppm  ICP 38.5 104.9 92.5 47.0 119.9 132.2 153.5 200.1 295.2

Element  Till                BC Soil Horizon                     B Soil Horizon

Ag  ppb  ICP

As  ppm  ICP  

Au  ppb  ICP  

Au  ppb  INAA  

Bi  ppm  ICP  

Cd  ppm  ICP

Co  ppm  ICP  

Co  ppm  INAA  

Cu  ppm  ICP  

Hg  ppb  ICP

Mo  ppm  ICP

Ni  ppm  ICP  

Pb  ppm  ICP  

Sb  ppm  ICP

Se  ppm  ICP

Te  ppm  ICP

Tl  ppm  ICP  

Zn  ppm  ICP  

Table 5. Statistics for trace element data for 55 B-horizon soil samples analyzed by modifi ed aqua regia digestion-ICP-MS and 
INAA (Au).

Table 6. Element increase/decrease from till through BC soil horizon to B soil horizon based on 3rd quartile values listed in 
Tables 3 to 5. The increase/decrease is shown as a shaded bar; dark blue = high concentration, light blue = low concentration. 
Left side of plot is till, middle of plot is B-C soil horizon, right side of plot is B-horizon soil.
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6. Element associations
A Pearson product-moment correlation coeffi cient matrix of 

Ag, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Ni, Pb, Sb, Se, Te, Tl, 
and Zn by modifi ed aqua regia-ICP-MS and Au by INAA for 
the <0.063 mm fraction of 97 till samples reveals signifi cant 
positive correlations (>+0.65) between As-Bi-Pb-Cd-Co, Zn-
Cd-Mo-Pb-Se, and between Cu-Ni (Table 7). In the <0.063 mm 
B-C soil horizon samples (26) the most signifi cant positive 
correlations (>+0.65) are between As-Cd-Hg, Cu-Ni-Tl and 
Zn-Cd-Mo (Table 8) and in 55 B-horizon soil samples, the 
signifi cant positive correlations (>+0.65) are between As-Hg, 
Bi-Pb and Co-Ni-Tl (Table 9). 

6.1. Elements in B-horizon soil and till size fractions
Box and whisker plots compare the range of values of Au, 

Ag, Cu, Pb, and Zn in till and the B-horizon soil samples 
sieved to 1-2 mm, 0.5-1 mm; 0.250-0.5 mm; 0.125-0.250 mm; 
0.063-0.125 mm and <0.063 mm size fractions. Zinc (Fig. 6), 
Pb (Fig. 7), and Cu (Fig. 8) typically have higher median and 
outlier values in the <0.063 mm size fraction of the till samples 
compared with the metal content of larger size fractions. Zinc 
and Cu are also lower in all B-horizon soil sample fractions 
compared to values in the till fractions. Similar to Cu and Zn, Pb 
is higher in the <0.063 mm and 0.125 to 0.063 mm till sample 
fractions. However, the trend is reversed for the 1-2 mm, 0.5-
1 mm; 0.250-0.5 mm; 0.125 mm fractions; in these, Pb in 
higher in the soil compared with the till. The similar Pb content 
of the larger grain sizes from the soil may refl ect weathering 
of discrete Pb mineral grains from till or bedrock and their 
incorporation into the soil. 

Most till size fractions contain more Au than the B-horizon 
soil size fractions (Fig. 9). However, one soil sample on the 
northern boundary of the survey area contains 464 ppb Au in the 
1-2 mm fraction but the underlying till contains no detectable 
(i.e., >0.2 ppb) Au. Three till samples contain >48 ppb Au in 
all of the fractions, which could indicate that discrete Au grains 
are distributed through the till (i.e., the ‘nugget effect’). The 
Ag content is higher in all soil fractions compared with the till 
(Fig. 10). 

6.2. Variation of metals in B-horizon soil and till
The spatial variation of Au, As, Cu, Pb, Se and Zn in soil and 

till is shown in Figures 11 to 18. These elements are common 
geochemical pathfi nders for Cu-Pb-Zn VMS (Moon et al., 
2006; McClenaghan and Peter, 2016) and can be for quartz 
vein-hosted Au mineralization. Till samples were collected at 
two depths at a number of sites. For consistency, only element 
values for the deeper of the two samples are plotted as a bullet 
symbol in the fi gures. B-horizon soil values are plotted as a 
diamond symbol. Symbol size intervals correspond to the 
minimum to mean value, mean to 80th percentile value, 80th to 
90th percentile value, 90th to 95th percentile value and 95th to the 
maximum value. Unless otherwise stated anomalous values are 
greater than the 95th percentile. 

Several till samples on a road traverse along the northern 

boundary of the survey area (A-A’) have anomalous Pb 
concentrations (>95th percentile); at one site at the east end of 
this road, Pb concentration is 232 ppm (Fig. 11). Lead content 
is anomalous in both B-horizon soil and till at this site, but 
values decrease to less than 77 ppm to the west along a series 
of contiguous samples. In several of the till and B-horizon 
soil samples, grain size fractions >0.063 mm also contain 
anomalous Pb contents (Fig. 11). Isolated high Pb values are 
in the B-horizon soil and till on two other road traverses to the 
south and to the west (B-B’; C-C’).

The locations of anomalous Zn concentrations in till are 
similar to those for Pb, with the highest values in samples along 
the northern boundary of the survey area (A-A’, Figs. 12, 13). 
Zinc concentrations in till decrease to the west from a peak at the 
east end of the road traverse. However, the highest B-horizon 
soil Zn value is 500 m west of the highest Zn value in till. 
The variation of Se concentration, a VMS pathfi nder element, 
(Fig. 14) reveals a single till sample with higher Se (>1.5 ppm) 
at the east end of the northern road traverse, corresponding to 
anomalous Pb and Zn values.

Several contiguous till samples along the northern road 
traverse have Cu concentrations between 95 and 111 ppm and 
an anomalous value (>111 ppm) at the east end of the traverse 
(Figs. 15, 16). Isolated Cu anomalies are also in the till and 
B-horizon soil along the southern road traverse and at the 
western end of the survey area, where high concentrations of 
Cu, Zn and Pb in till coincide with a northeast-trending fault. 

High concentrations of Pb and Zn in soil and till samples 
are on the western boundary of the survey area (Figs. 11-13). 
Element values in the three samples from this profi le at the site 
coincident with a northeast-trending fault (Fig. 12) are listed in 
Table 10. Most element contents are higher in the till than in the 
B horizon. Silver and Hg concentrations are exceptions to this 
trend and are higher in the B-horizon soil.

Four till samples have anomalous Au (INAA) values 
(>22 ppb) and three other sites contain >15 ppb in the soil 
(Fig. 17). One site west of where road traverses A-A’ and 
B-B’ meet has anomalous Au in soil and several contiguous 
till samples have anomalous As (Fig. 18). Three till samples 
contain anomalous Au concentrations in the sizes fractions 
>0.063 mm (Fig. 17). However, only one site on the southern 
road traverse has an anomalous Au content in the <0.063 mm 
size fractions (Table 11). One sample site on the northern road 
traverse contains 463 ppb Au in the 1 to 2 mm fraction of the 
B-horizon soil, but no Au in the <0.063 mm fraction of the soil 
and till. 

7. Summary and discussion
This paper interprets data for 16 elements from till, B-C and 

B-horizon soil samples collected on the Ace property in central 
British Columbia. These elements are considered geochemical 
pathfi nders for gold and base metal mineralization (e.g., Moon 
et al., 2006; McClenaghan and Peter, 2016; McClenaghan 
and Paulen, 2018), and signifi cant positive correlations in 
the till samples could indicate precious metal (As-Sb), VMS 
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Ag As Au Au INA Bi Cd Co Cu Hg Mo Ni Pb Sb Se Te Tl Zn

Ag 1.00

As 0.47 1.00

Au 0.19 0.28 1.00

Au INA 0.10 -0.08 0.21 1.00

Bi 0.44 0.45 0.36 0.24 1.00

Cd 0.37 0.49 0.25 0.20 0.51 1.00

Co 0.31 0.43 0.28 0.23 0.67 0.51 1.00

Cu 0.11 0.30 0.35 0.25 0.51 0.45 0.77 1.00

Hg 0.26 0.23 0.24 0.01 0.26 0.29 0.27 0.07 1.00

Mo 0.32 0.41 0.22 0.15 0.58 0.75 0.52 0.43 0.39 1.00

Ni 0.29 0.38 0.23 0.18 0.56 0.44 0.81 0.70 0.18 0.42 1.00

Pb 0.46 0.68 0.38 0.16 0.72 0.69 0.78 0.57 0.36 0.69 0.63 1.00

Sb 0.28 0.55 0.30 0.15 0.26 0.63 0.29 0.40 0.17 0.44 0.22 0.50 1.00

Se 0.23 0.36 0.19 0.13 0.42 0.60 0.45 0.28 0.39 0.68 0.46 0.53 0.38 1.00

Te 0.42 0.41 0.32 0.18 0.71 0.51 0.67 0.61 0.23 0.57 0.55 0.66 0.27 0.38 1.00

Tl -0.16 -0.14 -0.21 -0.07 0.09 0.10 0.30 0.33 0.09 0.22 0.19 0.13 -0.02 -0.07 0.16 1.00

Zn 0.32 0.46 0.22 0.21 0.53 0.79 0.61 0.51 0.19 0.76 0.57 0.78 0.49 0.53 0.51 0.09 1.00

Table 7. Correlation coeffi cient matrix for Ag, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Pb, Sb, Se, Te, Tl, and Zn analyzed by modifi ed 
aqua regia-ICP-MS and Au by INAA in 97 till samples. Gold, Ag, and Hg are in ppb; other elements in ppm. The data are log 
transformed. Coeffi cients greater than +0.65 are highlighted in red.

Ag  As  Au  Au  INAA Bi  Cd  Co  Cu  Hg  Mo  Ni  Pb  Sb  Se  Te  Tl  Zn  

Ag  1.00

As  0.23 1.00

Au  -0.09 0.31 1.00

Au  INAA 0.15 0.12 0.23 1.00

Bi  0.16 0.30 0.29 0.16 1.00

Cd  0.82 0.22 0.03 0.11 0.13 1.00

Co  0.05 0.56 0.40 0.19 0.34 0.17 1.00

Cu  -0.12 0.30 0.46 0.19 0.36 -0.06 0.81 1.00

Hg  0.67 0.06 -0.08 0.03 0.21 0.67 -0.03 -0.20 1.00

Mo  0.51 -0.19 -0.04 0.18 0.20 0.58 -0.12 -0.23 0.42 1.00

Ni  0.09 0.56 0.44 0.12 0.45 0.28 0.87 0.73 0.08 0.12 1.00

Pb  0.23 0.49 0.47 0.20 0.59 0.45 0.64 0.53 0.12 0.15 0.72 1.00

Sb  -0.12 0.25 0.04 0.41 0.26 0.05 0.10 0.11 0.11 -0.04 0.13 0.12 1.00

Se  0.40 0.09 0.00 0.01 0.27 0.49 0.07 -0.13 0.45 0.40 0.12 0.46 0.02 1.00

Te  0.25 0.35 -0.04 0.11 0.63 0.22 0.20 0.03 0.39 0.30 0.34 0.42 0.29 0.46 1.00

Tl  -0.09 0.17 0.29 -0.09 0.20 0.23 0.66 0.65 -0.08 0.01 0.75 0.66 -0.01 -0.06 0.12 1.00

Zn  0.54 0.03 -0.01 0.14 0.09 0.70 0.24 -0.02 0.42 0.71 0.37 0.35 -0.02 0.40 0.31 0.28 1.00

Table 8. Correlation coeffi cient matrix for Ag, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Pb, Sb, Se, Te, Tl, and Zn analyzed by modifi ed 
aqua regia-ICP-MS and Au by INAA in 26 B-C horizon soil samples. Gold, Ag and Hg are in ppb; other elements in ppm. The 
data are log transformed. Coeffi cients greater than +0.65 are highlighted in red.
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Ag    As    Au    Au   INAA Bi    Cd    Co    Cu    Hg    Mo    Ni    Pb    Sb    Se    Te    Tl    Zn    

Ag    1.00

As    0.14 1.00

Au    -0.08 0.29 1.00

Au   INAA 0.14 0.29 0.36 1.00

Bi    0.07 0.31 0.30 0.46 1.00

Cd    0.57 0.29 -0.16 0.16 0.13 1.00

Co    -0.06 0.21 0.17 0.06 0.01 0.12 1.00

Cu    -0.07 -0.03 0.20 -0.04 -0.16 -0.08 0.70 1.00

Hg    0.69 0.12 -0.12 0.06 -0.17 0.31 -0.12 -0.12 1.00

Mo    0.47 0.29 -0.18 0.31 0.42 0.57 -0.24 -0.38 0.18 1.00

Ni    -0.26 0.05 0.17 0.02 0.08 -0.07 0.76 0.51 -0.36 -0.30 1.00

Pb    0.18 0.49 0.09 0.48 0.67 0.40 0.16 -0.08 0.02 0.44 0.18 1.00

Sb    0.42 0.35 -0.01 0.25 0.20 0.55 0.16 0.04 0.37 0.37 -0.03 0.42 1.00

Se    0.34 0.40 0.13 0.27 0.08 0.47 0.04 -0.10 0.36 0.33 -0.16 0.30 0.43 1.00

Te    0.03 0.19 0.12 0.21 0.61 0.04 -0.05 -0.18 -0.14 0.39 0.08 0.38 0.10 0.03 1.00

Tl    -0.34 -0.03 0.19 -0.03 -0.05 -0.12 0.71 0.58 -0.45 -0.36 0.77 0.09 -0.08 -0.22 -0.08 1.00

Zn    0.36 0.29 0.03 0.21 0.37 0.55 0.28 -0.08 0.02 0.48 0.36 0.52 0.35 0.21 0.34 0.16 1.00

Table 9. Correlation coeffi cient matrix for Ag, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Pb, Sb, Se, Te, Tl, and Zn analyzed by modifi ed 
aqua regia-ICP-MS and Au by INAA in 55 B-horizon soil samples. Gold, Ag and Hg are in ppb; other elements in ppm. The 
data are log transformed. Coeffi cients greater than +0.65 are highlighted in red.  

Fig. 6. Box and whisker plot for Zn by aqua regia-ICP-MS in till (T) and B-horizon soil (S) in size fractions ranging from 1-2 mm to <0.063 mm. 

(Zn-Cd-Pb-Se), and magmatic massive sulphide (Cu-Co-Ni) 
mineralization. These element associations are also present, 
but modifi ed, in the B-C and B-horizon soil samples. In the 
B-horizon soil, there is a signifi cant correlation between Au 
and As that is common in Au mineralization. Selected elements 
in different size fractions show that Au, Cu, Pb, and Zn 
concentrations are generally higher in the <0.063 mm fraction 
of till (e.g., McClenaghan and DiLabio, 1993), whereas Ag and 
Hg concentrations are elevated in the B-horizon soil. The higher 
metal content of the <0.063 mm fraction relative to the coarser 

fractions of till in this study, is commonly observed elsewhere 
(e.g., DiLabio, 1988, 1995). The higher metal concentrations 
in the fi ner fraction usually refl ects the fi ner grain size of the 
metals in the host rocks as well as diminution of ore minerals 
during glacial erosion, transport, and deposition to silt and 
clay sized particles (e.g., McClenaghan and Peter, 2016). 
In experimental studies that examined the origin of the fi ne 
fraction in tills, Mäkinen (1995) observed that as the degree of 
sediment grinding increased, the contents of some metals (Co, 
Cu, Fe, Mn, Ni, Zn) decreased in comparison to the overall 
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Fig. 7. Box and whisker plot for Pb by aqua regia-ICP-MS in till (T) and B-horizon soil (S) in size fractions ranging from 1-2 mm to <0.063 mm 
(see Figure 6 for box plot legend). 

Fig. 8. Box and whisker plot for Cu by aqua regia-ICP-MS in till (T) and B-horizon soil (S) in size fractions ranging from 1-2 mm to <0.063 mm 
(see Figure 6 for box plot legend). 

Geological Fieldwork 2020, British Columbia Ministry of Energy, Mines and Low Carbon Innovation, British Columbia Geological Survey Paper 2021-01
155

Lett and Paulen



Fig. 9. Box and whisker plot for Au by aqua regia-ICP-MS in till (T) and B-horizon soil (S) in size fractions ranging from 1-2 mm to <0.063 mm 
(see Figure 6 for box plot legend).  

Fig. 10. Box and whisker plot for Ag by aqua regia-ICP-MS in till (T) and B-horizon soil (S) in size fractions ranging from 1-2 mm to 0.063 mm 
(see Figure 6 for box plot legend).
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Fig. 11. Lead concentration in the <0.063 mm fraction of till and B-horizon soil determined by aqua regia-ICP-MS. A-A’; B-B’ and C-C’ refer 
to road traverses described in the text.

Fig. 12. Zinc concentration in the <0.063 mm fraction of till and B-horizon soil by aqua regia-ICP-MS.
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Fig. 13. Lead and Zn concentration in the <0.063 mm fraction of till and B-horizon soil determined by aqua regia-ICP-MS along the northern 
W-E road traverse (A-A’). 

Fig. 14. Selenium concentration in the <0.063 mm fraction of till analyzed by aqua regia-ICP-MS.
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Fig. 15. Copper concentration in the <0.063 mm fraction of till and B-horizon soil analyzed by aqua regia-ICP-MS.
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Fig. 16. Comparison of Cu and Co concentrations in the <0.063 mm fraction of till and B-horizon soil samples determined by aqua regia-ICP-
MS along the northern road traverse A-A’.
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Fig. 17. Anomalous Au concentrations in B-horizon soil and till in the <0.063 mm fraction determined by modifi ed aqua regia-ICP-MS. Sites 
with anomalous Au in the >0.063 mm fractions are highlighted on the map as yellow or green star symbols.

Fig. 18. Arsenic concentrations in the <0.063 mm fraction of till determined by modifi ed aqua regia-ICP-MS.
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Table 10. Element concentrations in B-horizon soil and till samples 8103, 8104 and 8185 at the site on the west end of the 
sampling transect coincident with a northeast-trending fault (see Figure 12). Silver, As, Au, Bi, Cd, Co, Cu, Hg, Mo, Sb, Se, Pb, 
Te, and Zn analyzed by modifi ed aqua regia-ICP-MS and Au by INAA in the <0.063 mm fraction.

Sample Number 8103 8104 8105

Sample Depth (m) 0.1 1.2 1.85

Horizon B-soil Till Till

Ag ppb ICPMS 665 82 37

As ppm ICPMS 22.3 53.3 50.3

Au ppb ICPMS 2.1 12.6 15.9

Au ppb INAA 15 1 11

Bi ppm ICPMS 1.72 2.02 2.67

Cd ppm ICPMS 0.67 0.69 0.84

Co ppm ICPMS 16.2 26.5 35.2

Cu ppm ICPMS 34.07 80.41 95.95

Hg ppb ICPMS 75 30 26

Mo ppm ICPMS 8.88 12.87 16.69

Pb ppm ICPMS 50.53 63.42 101.77

Sb ppm ICPMS 0.15 0.2 0.33

Se ppm ICPMS 1.1 1.2 1.2

Te ppm ICPMS 0.04 0.08 0.13

Zn ppm ICPMS 213 204.7 301.8

Table 11. Gold outlier values by modifi ed aqua regia-ICP-MS in various size fractions of till and B-horizon soil samples shown 
in the box and whisker plots.

Fraction Au Till Site Au ppb Au soil site Au ppb
1.0 - 2.0 mm 8011 71 8075 463
< 0.063 mm 8011 12.2 8075 1.2
0.5 - 1.0 mm 8068 198 - - 
< 0.063 mm 8068 10.1

0.25 - 0.5 mm 8215 77 - - 
0.125 - 0.25 mm 8215 50 - - 

0.063 - 0.125 mm 8215 48 - - 
< 0.063 mm 8215 52.2

composition of the coarser fraction. Others have shown that 
base metals, gold, and platinum group element contents tend 
to be higher in the fi ne (<0.063 mm) till fraction (Nevalainen, 
1989; Salminen et al., 1989; Shilts, 1993). Weathering of the till 
will release these elements into the soil where the geochemical 
processes active in the B-horizon soil are responsible for 
the ultimate trace metal anomaly size, shape, and contrast 
(DiLabio, 1995). 

In the B-horizon soil, geochemically mobile elements (e.g., 
As, Cu, Co, and Zn) accumulate from meteoric water percolating 
downward through the soil by absorption onto clay minerals 
and secondary Fe and Mn oxides (McLean and Bledsoe, 1992). 
Depending on soil chemistry and especially pH, metals such as 
Cu, Zn, Ag, and Hg can preferentially complex with soil organic 
matter (McLean and Bledsoe, 1992). Complexing can explain 
the higher Ag concentrations in the 0.25 to 0.5 mm fraction 

of the B-horizon soil samples through metal bonding to soil 
humus, a phenomenon noted by Cook and Dunn (2007). Native 
Au and Pb minerals are more resistant to surface chemical 
weathering and can exist as particles larger than 0.063 mm in 
till and soil. Some of the till and B-horizon soil samples in the 
present study have high Au and Pb concentrations in several 
size fractions, likely indicating the presence of the native Au 
and Pb-rich mineral grains. 

Till samples containing >35 ppm Pb and >134 ppm Zn, along 
with anomalous Cu and Co, form a linear pattern aligned east-
west on the northern edge of the survey area (Fig. 19). Peak 
metal concentrations are at the east end of this anomaly and they 
decrease to the west, suggesting a dispersal train of sulphide 
debris (Fig. 20). Conceivably, the Little River topography could 
have diverted the regional southeast to northwest advancing 
ice into the valley, resulting in east to west deposition of till. 
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Fig.19. Lead and Zn values >80 percentile in the <0.063 mm fraction of till and B-horizon soil samples analyzed by aqua regia-ICP-MS. The 
location of anomalous Au (INAA) and As (modifi ed aqua regia-ICP-MS) concentrations in till are indicated by yellow and green symbols.

Fig. 20. Idealized geochemical profi les from the analysis of B-horizon soil and till samples intersecting a mineralized bedrock down-ice dispersal 
plume (after Drake, 1983; Miller, 1984; Hickin and Plouffe, 2017; McClenaghan and Paulen, 2018).
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Separation of the Pb, Zn, Cu, and Co B-soil anomaly 500 
metres to the west and down ice from the Pb-Zn-Cu-Co till 
anomaly is consistent with a till dispersal model described by 
Miller (1984) and subsequently refi ned by Hickin et al. (2017) 
and McClenaghan and Paulen (2018). However, the till at 
surface in this area is colluviated and the Pb-Zn B-soil anomaly 
trends to the north towards the Little River. Colluviation and 
reworking of the till may explain anomalous Pb and Au values 
in larger grain size fractions of the B-horizon soil and till due 
to the presence of discrete mineral grains. 

Anomalous Ag, Au, As, Co, Cu, Pb, and Zn values with 
elevated Se values in the B-horizon soil and till from a site near 
a northeast-trending fault on the western boundary of the survey 
area (Fig. 11) may indicate that the structure is mineralized and 
is the source of the metals in the till. A geochemical profi le at 
this site (Table 10) shows the contrast between elements such 
as As, Au, Bi, Cu, Co, Pb, and Zn. These are elevated in the 
till whereas Ag and Hg are higher in the B-horizon soil. The 
profi le illustrates that an element signature in soil can differ 
from that in till and the difference should be considered when 
interpreting results of a geochemical survey. 

Although As is a common pathfi nder for Au, some till samples 
with anomalous Au values lack elevated As concentrations. 
However, individual sites along the Co-Cu-Pb-Zn till anomaly 
on the northern road traverse (A-A’) do contain anomalous 
Au and As. The presence of the anomalous Au and As in this 
dispersal train could refl ect a precious metal enrichment of the 
massive sulphides or a separate Au mineralized quartz vein. 
Several till and B-horizon soil samples with anomalous Au 
in the larger grain size fraction suggest the presence of large 
(>0.063 mm) Au grains that could have been derived from a 
more proximal bedrock source rather than having been entrained 
and transported farther down ice. Till samples with anomalous 
As or Au contents appear to be aligned along a northeast trend 
across the survey area and this could refl ect the existence of 
mineralized Au-quartz veins related to the faults. Future work 
could include bulk till sampling for gold grain recovery to 
examine the gold grain size distribution and morphology to 
establish transport distance and possible bedrock source (see 
e.g., DiLabio, 1990; McClenaghan and Cabri, 2011).

The combination till and soil survey did not provide insights 
into the location of the bedrock source of the mineralized boulder 
train. Given that glacial transport was from the southeast, the 
boulders were likely transported from an unknown distance 
up-ice of the survey area. Additional till sampling up ice 
(southeast) of the current survey area would help identify the 
boulder train’s bedrock source. 

8. Conclusions
Till, B-C transitional horizon and B-horizon soil samples 

from 85 sites have been collected on the Ace property in 
central British Columbia and analyzed for more than 50 minor 
and trace elements. Based on data for 16 elements commonly 
considered geochemical pathfi nders for Au and base metals the 
following conclusions are made.

• Gold, As, Co, Cu, Pb, Se, and Zn concentrations are 
higher in the <0.063 mm fraction of till compared to 
levels in the <0.063 mm of the B-horizon soil, refl ecting 
both the nature of the mineralization in the bedrock 
source and the effects of comminution during glacial 
transport and deposition. Silver and Hg concentrations 
are higher in the B-horizon soil, which may refl ect their 
preferential complexing/binding with organic matter. 
Data from different grain size fractions indicate that 
Au and Pb may also be present as larger (>0.063 mm) 
mineral grains in B-horizon soil and till in addition to 
grains that are <0.063 mm. 

• Anomalous Au, Co, Cu, Pb, Se, and Zn concentrations in 
till and B-horizon soil outline an narrow ribbon-shaped 
dispersal train along the northern border of the area that 
was formed initially in till deposited from by ice fl owing 
east to west and subsequently modifi ed by gravity 
processes (northward displacement) on the steep hill 
slope to form colluvium. Trace element profi les along 
the anomaly axis show separation of the B-horizon soil 
anomaly 500 m to the west of the till anomaly. This 
pattern is consistent with a model of Pb-Zn-Cu sulphide 
transport in till from a mineralized bedrock source at the 
east end of the dispersal train. 

• A potentially mineralized northeast-trending fault at 
the west end of the survey area may be the source for 
a Au, Cu, Co, Pb, Zn anomaly in both soil and till. The 
distribution of till and B-horizon soil Au-As anomalies 
across the survey area could also refl ect the presence of 
northeast-trending Au-rich quartz veins.
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Nixon, G.T., Scheel, J.E., Scoates, J.S., Friedman, R.M., Wall, C.J., Gabites, J., and Jackson-Brown, S., 2020. Syn-accretionary 
multistage assembly of an Early Jurassic Alaskan-type intrusion in the Canadian Cordillera: U-Pb and 40Ar/39Ar geochronology 
of the Turnagain ultramafi c-mafi c intrusive complex, Yukon-Tanana terrane. Canadian Journal of Earth Sciences, 57, 575-600. 
https://doi.org/10.1139/cjes-2019-0121.

Ootes, L., Sandeman, H., Cousens, B.L., Luo, Y., Pearson, D.G., and Jackson, V.A., 2020. Pyroxenitic magma conduits 
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